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ABSTRACT

Nanosheets or nanoclusters of aminopropyl-functionalized magnesium phyllosilicate (AMP) were prepared in water by exfoliation and used as
structural building blocks for the preparation of DNA-based hybrid nanostructures in the form of ordered mesolamellar nanocomposites or

highly elongated nanowires, respectively. The former consisted of alternating layers of single sheets of AMP interspaced with intercalated
monolayers of intact double-stranded DNA molecules of relatively short length ( ~700 base pairs) that were accessible to small molecules
such as ethidium bromide. In contrast, the nanowires comprised isolated micrometer-long molecules of A-DNA or plasmid DNA that were
sheathed in an ultrathin organoclay layer and which were either protected from or remained accessible to endonuclease-mediated clipping
depending on the extent of biomolecule wrapping. Both types of hybrid nanostructures showed a marked increase in the DNA melting
(denaturation) temperature, indicating significant thermal stabilization of the confined biomolecules. Our results suggest that nanoscale buil ding
blocks derived from organically modified inorganic clays could be useful agents for enhancing the chemical, thermal, and mechanical stability

of isolated molecules or ensembles of DNA. Such constructs should have increased potential as functional components in bionanotechnology

and nonviral gene transfection.

Previous reports on the fabrication of functional nanohybrid advances in materials synthesis to produce mesolamellar
materials for nanoelectronics and bionanotechnology em-structures with covalently linked organic moieties has
phasize the importance of controlling several key factors suchenabled a wide range of organoclay nanocomposites to be
as nanoparticle synthesis and stabilization, surface modifica-prepared with enhanced functionalffySignificantly, pro-
tion and interparticle recognition, assembly and disassemblytonation of interlayer aminopropyl groups in certain synthetic
of 2-D and 3-D superstructures, and the design and integra-magnesium phyllo(organo)silicates produces exfoliated (delam-
tion of multiple components across several length scales. inated) organoclay dispersions that can be subsequently
In many cases, biomolecules have been used as buildingeassembled in the presence of various negatively charged
blocks in nano-, meso-, and macroscopic architecttfrasd drug molecule® or biomolecules such as myoglobin,
deoxyribonucleic acid (DNA) in particular has proved to be hemoglobin, or glucose oxide8eto produce intercalated
an attractive and promising candidate for the design and hybrid nanocomposites with ordered mesolamellar structure
assembly of functional nanostructural scaffolds and as aand biofunctionality. Moreover, the exfoliated dispersions
template for the directed growth of metallic or polymeric can be fractionated by gel chromatography to produce
nanoparticles and nanowirgs:! Other studies have placed organoclay polycationic clusters of approximate composition,
great emphasis on the development of DNA-based nano-[(CH,)sNH;]4SiiMgsOs(OH),, that can be used as building
structures in association with polycationic lipids, biopoly- blocks to isolate single molecules of various proteins and
mers, or polypeptides as nonviral vectors for cellular delivery enzymes?
and transfectio?1¢ In this paper, we develop and extend the above methods
Recently, inorganic materials in the form of layered for the fabrication of new types of DNA-based nanostruc-
structures have been used to prepare bioinorganic nanocomtures. Specifically, we demonstrate two protocols that il-
posites that could have applications in controlled storage/ lustrate the use of aminopropyl-functionalized magnesium
release, sensing, and DNA delivéfy?° In this regard, phyllosilicate (AMP, unit cell composition [(CHENH]s
SigMge016(OH)4) as a source of structural building blocks
* Corresponding author. E-mail: s.mann@bris.ac.uk. for the electrostatically induced capture and storage of DNA
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Scheme 1. Preparation of DNA/Organoclay Nanostructures.

T

AMP Clay

(a) Protonation of aminopropyl side chains of as-synthesized AMP clay in water results in exfoliation and formation of dispersed nanosheets.
Addition of stoichiometric quantities of DNA gives rise to electrostatically induced reassembly of the organoclay layers in association with
biomolecule intercalation to produce an ordered mesolamellar nanocomposite. (b) Exfoliation and fractionation by gel chromatography
results in organoclay polycationic clusters that bind and condense to produce an ultrathin organoclay sheath on individual DNA molecules,
leading to molecular-scale isolation of the double-helical strands.

in the form of intercalative mesolamellar assemblies or analyzed by FTIR spectroscopy showed characteristic
wrapped single molecules (Scheme 1). The positively absorbances for both DNA RO, 1232 cm! (970 and
charged organoclay building blocks were produced by water- 1090 cnt? vibrations masked by organoclay peaks), and
induced exfoliation of AMP into ultrathin sheetlike nano- AMP (Si—C (1050 cnr?), Si—O—Si (1008 cnt?), Mg—O—
particles? or by gel chromatographic fractionation of the Sj (551 cnl), NH,"(2103 cn1l), NH (1646 cml), CH,
exfoliated AMP dispersion into relatively low molecular (2935 cnt). Typically, 1.95x 10-° moles of DNA were
weight organoclay polycationic clusters of molecular mass, associated with 20 mg of the organoclay matrix (s
400-7007* and subsequently added to DNA solutions t0  gpectroscopy} = 260 nm), which was equivalent to a DNA
produce DNA/organoclay layered nanocomposites or nanow- entrapment efficiency of-88% assuming negligible adsorp-

ires, respectively. The hybrid nanostructures consisted re-iion of the biomolecules on the external surfaces of the
spectively of ensembles or isolated molecules of intact particles.

double-stranded DNA, both of which exhibited enhanced
stabilization to thermally induced denaturation. In addition,
by varying the extent of organoclay binding/condensation
on the surface of-DNA molecules, hybrid constructs that

Intercalation of DNA molecules in the layered galleries
of reassembled AMP was confirmed using powder X-ray
diffraction (PXRD), which showed an expanded basal

were either protected from or accessible to restriction SPACiNg €oo)) Of 3.6 nm compared with a value of 1.6 nm
enzyme-mediated scission could be readily prepared. for the pare.nt organoclay (Figure 1a). The. 2 nm increase in
DNA/organoclay layered nanocomposites were prepared basal spacing was commensurate with mtercalatloq of a
by dropwise addition of 1 mL of a solution of herring testis monolayer of intact double-strandeq DNA molecul_es ah_gned
DNA (2.2 x 103 mM, 400-1000 base pairs (mean bp parallel to the plane of the aminopropyl-functionalized
700, approximate length-230 nm)?° D-6898, Sigma) in inorganic framework. PXRD patterns also showed retention
Tris-HCI buffer (10 mM, pH= 8, 1 mM EDTA) to an of the typically highly disordered in-plane organoclay
exfoliated AMP clay dispersion (2 mL; prepared by dispers- reflections €ozo, 110 tiso, 309, as well as the characteristic
ing 20 mg of the dry as-synthesized organoclay in 2 mL of phyllosilicate peak at @ = 59° (doso,330 = 0.156 nm),
distilled water followed by ultrasonication for 15 min), which  indicating that DNA intercalation did not significantly disrupt
consisted of sheetlike nanoparticles2 nm in thickness. The  the inorganic framework during co-assembly of the hybrid
DNA/organoclay precipitate was equilibrated for 24 h at mesolamellar structure. This was consistent with TEM
room temperature and then isolated by centrifugation, images recorded from small fragments of the hybrid nano-
followed by drying at room temperature in air. Samples composite viewed normal to the stacking direction, which
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Figure 1. (a) PXRD profiles for (i) AMP/DNA nanocomposite 0.2-
and (ii) as-synthesized AMP clay. Large peaks in (i) and (ii)
correspond tadyo; reflections at 3.6 or 1.6 nm, respectively; the
highly broadened profiles are typical of organo-functionalized
magnesium phyllosilicates. (b) TEM image of AMP/DNA nano- O'%oo 400 500 600
composite showing lattice fringes spaced a distance of 3.5 nm Wavelength
corresponding to an expanded mesolamellar nanocomposite (scale
bar= 50 nm). 0.84(c)
revealed periodic lattice fringes spaced at a distance of <§ 0.6- ®
approximately 3.5 nm (Figure 1b). 3
Circular dichroism (CD) spectroscopy showed strong £ o4 (ii)
negative and positive peaks at 247 and 278 nm, respectively, %
(Figure 2a), which were comparable to native DRfAgnd 0.2
indicated that the double-helical structure was not signifi- -
cantly perturbed during intercalation of the biomolecule 30 40 50 60 70 80 90
between the AMP layers. This was confirmed by addition Temperature (°C)

of a solution of ethidium bromide to a suspension of the Figure 2. (a) Circular dichroism spectra for (i) native DNA (ii)

DNA/organoclay nanocomposite, which resulted in a shift oganoclay-intercalated DNA, showing retention of helical structure.
in the optical absorbance of the dye from 480 nm (orange) The small decrease in intensity at 278 nm for (i) may be due to

to 515 nm (pink), consistent with binding of the dye partial charge neutralization in the presence of the aminopropyl
specifically to the bases of the double helix (Figure 2b). E'de GSamS of tTe Olrgf’mOC(ljc})y- (E)dWIsspeC,téi of (i) eth[If'LuAm

. . . . romide control solution, (ii)) ethidium bromi native
Moreover, these.studles |nd|gated that the mtercalated. DNA conjugate, and (il ethidium bromidé DNA/AMP clay nano-
molecules remained accessible to small molecules in thecomposites showing shift of the 480 nm band to 515 nm due to

external solvent, presumably via diffusion through the binding of ethidium bromide to intercalated DNA molecules. (c)
interlayer spaces. Melting curves for (i) native DNA and (ii) DNA/AMP nanocom-

The effect of entrapment on the thermal stability of the posites showing increased thermal stability of the intercalated DNA
biomolecules was determined by recording the melting MClecules.
temperature (dehybridization) profiles of free and intercalated
DNA molecules at 260 nm using a UWis spectrophotom- nating layers of single sheets of aminopropyl-functionalized
eter attached with a Peltier temperature controller. In both magnesium phyllosilicate interspaced with entrapped mono-
cases, sigmoidal melting curves were obtained, indicating layers of intact DNA molecules can be readily prepared by
cooperative denaturation of the double helix (Figure 2c). electrostatically induced spontaneous co-assembly. The use
However, the organoclay/DNA nanocomposite showed a Of exfoliated organoclay sheets offers several advantages over
melting temperatureTy,) of 83 °C compared with a value  conventional ion-exchange-derived intercalation approaches,
of 63 °C for free DNA. The significant increase ify, by which are often severely diffusion-limited and restricted to
20 °C clearly indicated a marked improvement in thermal guest molecules of low molecular size and mass. Moreover,
stability of the intercalated DNA and suggested that multi- the increased thermal stability of the intercalated DNA
point electrostatic interactions between pendent aminopropylsuggests that such nanocomposites could be used for the
groups covalently attached to the inorganic framework and efficient storage of ensembles of biologically active macro-
counter-charged entrapped DNA molecules were responsiblemolecules. As the method is facile, a wide range of novel
for the change in temperature-dependent behavior. and complex layered bioinorganic nanocomposite materials

The above results indicate that DNA/organoclay nano- should be accessible through systematic developments in the
composites with mesolamellar structure consisting of alter- methodology.
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of lower contrast could also be observed (Figure 3b), which
possibly represented individual DNA molecules with mono-
layer or submonolayer coverage of condensed AMP poly-
cationic clusters. Significantly, unstained samples of native
DNA could not be imaged due to the low electron density
of the 2 nm wide biomolecular structure and confirmed that
the contrast observed for the AMP-treated samples was
associated with surface deposition of the organoclay. Similar
results were obtained when plasmid DNA was mixed with
solutions of the AMP polycationic clusters to produce-12
14 nm thick coiled hybrid nanostructures (Figure 3c). EDX
analyses confirmed the presence of both organoclay (Si, Mg,
and ClI (counterion)) and DNA (P) components in the electron
dense nanowires prepared in the presencd-bBINA or
plasmid DNA (Figure 3d), and CD spectra showed in both
cases characteristic peaks at 248 and 278 nm, indicating that
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(ii) e double-stranded helical DNA structures were retained within

) @)

)

the wrapped nanostructures (Figure 3e). Significantly, the

@ thermal melting profiles showed sigmoidal behavior, con-

sistent with a collective mechanism of dehybridisation, and

an increase inly, °C from 46 (nativeA-DNA) to 61 °C

220 240 260 280 300 320 340 20 30 40 50 60 70 80 (organoclay-wrapped-DNA) (Figure 3f). The enhanced
Wavelength Tempessture (C) thermal stability of the AMP-wrapped DNA molecules was

Figure 3. (a—c) Unstained TEM images showing (a) organoclay- S"?"”ar to thfit (_)bs_erved for_or_ganoclay-interc&_llated D.NA

wrappedi-DNA nanowires (inset shows higher magnification image (Figure 2c), indicating that similar electrostatic interactions

of a singlei-DNA molecule isolated within a continuous organoclay Wwere present in both types of nanostructures.

sheath), (b) complex network of organoclay nanowires showing  AEM studies were undertaken on organoclay-wrapped

fibers with thicknesses of up to 30 nm, as well as filaments with _. e
very low electron density, and (c) single organoclay-wrapped single DNA molecules adsorbed onto silica substrates and

plasmid molecule. (d) EDX analysis of discrete hybrid nanostructure imqged ir_‘ airin tapping mode. Under thege conditions, well-
showing peaks for Mg/Si (organoclay) and P (DNA). (e) Circular defined images of single molecules with rough surface
dichroism spectra and (f) melting curves for (i) nati“®NA and topography and apparent heights between 2 and 10 nm were

(ii) organoclay-wrapped-DNA. observed (Figure 4, Supporting Information Figure S2). In
In contrast to the above studies, single macromoleculescontrast, native (uncoategiDNA showed an apparent height

of DNA were isolated in the form of inorganically wrapped ©f 1 nm, confirming that the AMP-treated DNA molecules

discrete nanostructures by charge-induced encapsulation iffVere associated with nanometer-thick sheaths of condensed
the presence of organoclay polycationic clustémdtential AMP oligomers that were wrapped around the biomolecular

= +12 mV at pH 8). Typically, 2Q.L of A-DNA (0.05ug/ template. As the apparent heights were less than the electron-
uL, New England Biolabs, UK, 48 502 base pairs, length dense nanowires commonly observed by TEM, the AFM
~16 um) solution was mixed with 2@L of a solution of results were predominantly associated with DNA molecules
AMP polycationic clusters that were prepared by exfoliation With relatively low levels of organoclay binding. Signifi-

of the as-synthesized clay in water (10 mg dry AMP/10 mL cantly, histograms of the apparent heights of the wrapped
of water with ultrasonication for 5 min) followed by gel single molecules showed profiles that could be deconvoluted
chromatography on a Sephadex G-50 column. Alternatively, iNto three components centered at heights at 3.2, 5.4, and
10 uL of plasmid DNA (0.04ug/uL, pUC19 New England ~ 7-6 nm and_ spaced at mtervals_ of around 2.2 nm (Figure
Biolabs, 2686 base pairs) solution was added i 2fthe ~ 4b). Assuming an apparent height of 1 nm for the DNA
solution of organoclay polycationic clusters. In both cases, molecular core, these values were consistent with the

perature for 12 h. to produce coatings of just over 1 nm in thickness, which

TEM studies of unstained samples @tDNA after would be equivalent to a single sheet of the AMP structure.
incubation in a solution of AMP polycationic clusters Moreover, the histograms indicated that monolayer coverage
revealed well-defined nanofilaments that were highly flexible Was predominant over bi- and trilayer wrapping (Figure 4b),
and continuous over lengths of several micrometers (Figure consistent with a template-directed process of organoclay
3a). Typically, discrete nanowires;15 nm in width, as well nucleation that was dependent on strong primary interactions
as bundled and interconnected thicker nanofilaments up tobetween the negatively charged DNA phosphate groups and
~30 nm across, could be routinely imaged due to the high Polycationic AMP clusters.
electron density associated with surface binding and con- Organoclay wrapping of-DNA was also confirmed by
densation of organoclay coatings of at least 6 nm in thicknessagarose gel electrophoresis. The samples were separated by
(Figure 3a,b, Supporting Information Figure S1). Filaments horizontal gel electrophoresis on a 1.2% agarose gel in TAE

)
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Absorbance (Az60nm)

IS

Nano Lett, Vol. 7, No. 9, 2007 2663



Figure 5. (a) Gel electrophoresis profiles; Lanes: (1) calibration
ladder (eurodentec, 200 base-pair), (2) hybrid DNA/organoclay

Height (nm) nanowires, and (3), native DNA. Loaded gels were stained with a
) ) ) solution of 0.1% ethidium bromide for 15 min and visualized in
Figure 4. (a) Tapping mode AFM image ofl-DNA/AMP an ultraviolet transilluminator. Images were recorded using a Kodak

nanocomposite filaments deposited on a silicon wafer with a pc40 digital camera. (b) Gel electrophoresis profiles showing
100 nm thick oxide surface showing organoclay wrapping and electrophoretic mobility of DNA/organoclay nanowires prepared
surface decoration of individual biomolecules. (b) Histogram of gt different reactant ratios before and after treatment with the
apparent heights with associated deconvolution curves showingrestriction enzyme, BamH1. Lanes: (1) control ladder (DMA
dominant values at 3.2, 5.4, and 7.6 nm. Hind 11l digest), (2) native DNA, (3) native DNA+ BamH1, (4)
DNA/organoclay (1:1), (5) DNA/organoclay (1:3 BamH1, (6)
(tris/acetate/EDTA buffer) and gels runrfa h at 100 V. DNA/organoclay (1:0.5), (7) DNA/organoclay (1:0.5) BamH1,
Whereas samples of fréeDNA migrated toward the positive  (8) DNA/organoclay (1:0.025), (9) DNA/organoclay (1:0.025)
. BamH1.

electrode (Figure 5a, lane 3), theDNA/organoclay nanow-
ires (Figure 5a, lane 2) were mainly retained in the holding nanostructures with variable surface charge due to incomplete
well, indicating that the extent of binding/condensation of organoclay wrapping of the DNA molecules. Decreasing the
AMP oligomers along the helical backbone of the DNA amount of organoclay reduced the staining in the holding
molecules was sufficient to induce charge neutralization or well and increased the extent of migration of the mobile
reversal in the hybrid construct. component into the gel until it was essentially identical to

To further investigate the chemical accessibility of the the mobility observed for nativé-DNA (Figure 5b, lane
entrappedA-DNA molecules, samples were prepared at 2).
differentA-DNA/organoclay oligomer ratios and the resulting The above samples were subsequently incubated & 37
constructs combined with the restriction enzyme BamH1 to for 2 h with the restriction enzyme BamH1 (reaction
determine their susceptibility to enzymatic clipping. In each mixture: 2 uL of A-DNA/organoclay dispersion, AL of
case, TEM investigations showed that the as-synthesized10x restriction buffer, 1uL of BamH1 (Sigma-Aldrich,
materials were in the form of wirelike nanostructures (data 10 unitsiL,) and 6uL of distilled water), and the solutions
not shown). Corresponding gel electrophoresis profiles of then quenched by rapid cooling. Treatment with BamH1 had
constructs prepared atDNA/organoclay v/v ratios of 1:1,  no influence on the electrophoretic mobility of the fully
1:0.5, and 1:0.025 (Figure 5b, lanes 4, 6, and 8, respectively)wrappedi-DNA molecules, which remained immobilized
showed staining both in the holding well and within the gel, in the holding well (Figure 5b, lanes 5, 7, and 9), indicating
suggesting that the samples consisted of a mixture of hybridthat the ultrathin organoclay sheath was able to protect the
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DNA from endonuclease activity. In contrast, the restriction imaging of organoclay-wrappedDNA deposited on freshly
enzyme was able to access exposed GGATCC recognitioncleaved mica. This material is available free of charge via
sites in the partially wrapped electrophoretically mobile the Internet at http://pubs.acs.org.

constructs to produce lower molecular weight fragments that

migrated further into the gel (Figure 5b, lanes 5, 7, and 9). References

This was particularly prevalent for samples prepared at lower
organoclay contents (Figure 5b, lanes 7 and 9), consistent
with the presence of partially encased DNA strands that were
exposed and thus susceptible to endonuclease activity.

In summary, our results indicate that magnesium (organo)-
phyllosilicate nanosheets/nanoclusters are effective building
blocks for DNA-entrapped hybrid nanocomposites. We
highlight two simple methods for the fabrication of orga-
noclay/DNA nanostructures either in the form of a mesola-
mellar nanocomposite or single-molecule wrapped nanow-
ires. The former are produced from the spontaneous DNA-
induced reassembly of exfoliated sheets of the cationic
organoclay and results in the periodic intercalation of a
monolayer of intact double-stranded DNA molecules between
adjacent layers of the reconstituted inorganic framework.
Interlayer confinement of the DNA molecules increases their
thermal stability and limits accessibility to small molecules
that are capable of diffusing through the gallery spaces.
Alternatively, individual DNA molecules can be isolated by
wrapping in an ultrathin inorganic sheath produced by
electrostatic binding and condensation of organoclay poly-
cationic clusters specifically on the biomolecular template.
The encapsulated DNA molecules retain their native helical
structure and anisotropy, can be protected from or remain
accessible to enzymatic clipping depending on the extent of
surface wrapping, and are thermally stabilized with regard

to denaturation. Extension of these methods should enable

a wide range of new types of functional biomaterials with

enhanced stability to be prepared that might be sufficiently
robust for integration into bioelectronic devices, or used
extensively as effective and safe nonviral delivery systems.
We are currently investigating the cytotoxicity of organoclay/

DNA nanostructures and their ability to act as transfection
agents in cell cultures.
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