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Supramolecular Materials Comprising
Nucleic Acid Biopolymers

Wirasak .S‘mitlhipong,l’2 Thorsten Neumann,'> Arkadiusz Chworos,* Luc Jaeger,1’3
Matthew Tirrell*'?

Summary: We have generated a supramolecular self-assembling film by exchanging
the counter-ions of the phosphate moieties in nucleic acid with those of cationic
amphiphiles as didodecyldimethylammonium bromide (or DDAB). SAXS and WAXS
data for all film samples showed similar harmonic peaks suggesting a lamellar
multilayer structure with layers of nucleic acids being separated by lipid bilayers of
DDAB. AFM height images also showed that double stranded nucleic acid film can
form the step or plateau type of structure and shorter nucleic acid film showed
shorter step feature. Moreover, the length and the molecular structure of DNA and
RNA can be used to manipulate the mechanical properties of these self-assembled

films.

Introduction

Nucleic acids are nature’s best example of
supramolecular materials. They are pro-
grammed at the level of nanoscopic struc-
ture to assemble with exquisite precision
and reliability."?] Perhaps surprisingly,
there have been relatively few attempts
to use the abilities of nucleic acid polymers
in the formation of macro-scale materi-
als.>* In addition to their programmability
and addressability, nucleic acids can also
be used to form complexes with oppo-
sitely charged surfactants, macromolecules,
assemblies and nano-particles. Electro-
static interaction assembly methods employ
oppositely charged polyelectrolytes which
build self-assembled multilayers made of
polyanions with positively charged polyca-
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tions.!”! Many different routes are being
attempted for the use of electrostatic
interactions as cationic/anionic polyelec-
trolyte interaction in large-scale biomater-
ial properties such as drug delivery,m gene
delivery,””! biosensors!®! and it has even
been studied in electronics” for many
years. However, the control of this mechan-
ism is not well-developed and the resulting
structures are not well-understood in terms
of predictable processing-structure-property
relationships.

Therefore, existing biomaterial applica-
tions may benefit from a better under-
standing of polyelectrolyte multilayer films
as model systems, especially the structure
and property of self-assembly biopolymers
based on nucleic acid. We demonstrate
herein the formation and structure of
self-standing cast films using anionic mole-
cules, such as tRNA (yeast) and DNA
(Salmon), with the cationic amphiphile
as didodecyldimethylammonium bromide
(DDAB). The preparation method of these
self-standing films in the present work is
based on Okahata’s works.>* However,
we have improved this method to obtain the
better yields of material and to make it
easier to manipulate the film. For example,
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we used 1x TBE buffer solution (0.089 M
Tris, 0.089 M Borate and 0.002 M EDTA)
instead of water to dissolve nucleic acids
which can soluble the whole nucleic acids,
we can use another organic solvent as
isopropanol to dissolve the complex that
can change the film’s morphology and we
used a glass mold instead of a Teflon or
plastic mold for film casting, which enables
easier pull-off of the film, especially in case
of short chain RNA film.

Preparation of Supramolecular

Self-Standing Film

Nucleic acids, tRNA from yeast (15 base
pairs, as determined by polyacrylamide gel
electrophoresis and HPLC) and DNA from
Salmon (2000 base pairs, as determined by
agarose gel electrophoresis), were dis-
solved in 1x TBE buffer solution, and then
were mixed with an equivalent aqueous
solution of 1.1 mol cationic amphiphile or
DDAB. The reaction mixture of complex
formation was first stirred at room tem-
perature for 3 hours, and the water-
insoluble complexes were then collected
by centrifugation and lyophilizing. The
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Figure 1.
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complexes obtained were soluble only in
organic solvents, such as chloroform, etha-
nol and isopropanol. The solution was then
cast on a glass mould under slow evapo-
ration conditions at room temperature
which allowed the formation of the self-
assembling transparent films with a thick-
ness of several microns. The obtained films
were formed in one-to-one stoichiometry of
a phosphate anion and the cationic amphi-
phile, which was confirmed by elemental
analysis. (Figure 1)

Structure of the Film

X-ray diffraction experiments were used to
determine the structures of the film. Wide-
Angle X-ray Scattering (WAXS) were
performed with Cu Ko radiation using
custom built X-ray diffractometers with a
MAR345 image plate detector and a
rotating anode X-ray generator. The sam-
ple to detector distance was 235 mm. The
integrated diffraction data are plotted as a
function of g = (4n/4) sin(6), where 4 is the
wavelength of the beam (1 =0.154 nm) and
0 is the Bragg angle. WAXS profiles of the
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Preparation method of self-standing films via electrostatic interaction between polyanion (RNA or DNA) and

cationic amphiphile (DDAB).
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complexes of DNA with the double-chain
surfactants like DDAB have been identi-
fied as multilamellar structures with alter-
nating bilayers and DNA monolayers.'*!]
However, the films that we investigated
were dried samples, whereas in the previous
work samples[m‘lz] were generally in the
aqueous environment. Interestingly, the
peak width (001) observed for RNA film
(Figure 2B) was typically narrower than
that of DNA film (Figure 2A), implying a
higher degree of local ordering. The broad
peak seen in WAXS data from all films
(g~ 14nm ') confirmed that DDAB chains
are in the fluid state, as expected from L,
phase. The WAXS data for both DNA and
RNA films showed similar harmonic peaks
(O0L), suggesting a lamellar multilayer
structure with layers of nucleic acids being
separated by lipid bilayers of DDAB
(Figure 2C).

The electrostatic interaction between
the polyanion and the cationic lipid plays
an essential role in constructing of the
polyelectrolyte lipid complexes in which
the cationic lipids are concentrated in the
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vicinity of the polyelectrolyte.['*! The effect
of electrostatic and hydrophobic interac-
tions on the structural formation and the
transition of complexes were examined in
terms of the charge density, hydrophobi-
city, backbone flexibility of polyelectrolyte
chains, and the surfactant tail length.[14'15]
Moreover, the disordered fluid state of
DDAB?s tails has been detected in the same
value (¢~ 14 nm~H)['? for all the samples.
This result revealed that the hydrophobic
interactions among the double hydrophobic
tails of DDAB molecules were very
important in forming the lipid bilayers in
the complexes.[m]

Morphology

The AFM experiments were performed
using a Digital Instrument Nanoscope IITA
(model: NS-3) under ambient conditions
and using a commercial silicon tip (NSC12).
All the sample films were analyzed in the
tapping mode. When we compare the
images of Spm x Sum (Figure 3A to B),
we can see that there are step-like struc-
tures within the DNA films, but not in the
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WAXS scans of polyanionic/DDAB films: (A) DNA/DDAB film and (B) RNA/DDAB film. Schematic picture of the
lamellar multilayer structure of polyanions/DDAB film (C).
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Figure 3.

C

AFM images 5 wm x 5 m of (A) DNA film (2000 bp) and (B) RNA film (15 bp). AFM image 1 m x 1 um of (C) RNA

film (15 bp).

RNA films. This, we expect, due to the fact
that DNA (2000 bp) is one hundred times
longer than RNA (15 bp). However, if we
increased the resolution of the RNA film
to a scale of 1 um (Figure 3C), we see the
holes of RNA instead of the steps seen in
the DNA film. This allows us to predict that
step-like layers will be formed with both
nucleic acids, but the lengths of the strands
are responsible for the degree of order
within the film. Large molecules form more
homogeneous layers with wide-spread pla-
teaus, while shorter chains form shrunken
plateaus several 100 nm in diameter. This
result is in good agreement with the results
obtained by the tensile test,’] in which the
length and the molecular structure of DNA
and RNA can account for the tensile
properties of these self-assembly films.
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Mechanical Properties

We also investigated the macro-scale
properties via tensile tests of the films.
Mechanical properties were characterized
using a tensile testing machine (Instron)
according to ISO 527-1:1993 (E). The
tensile test was carried out on dumbbell
specimens using a crosshead speed of
0.5 inch/min. The dumbbell specimens were
produced from the supramolecular films
having 1040 pm thickness. Each of films
was tested at least three times. Figure 4
presented the stress-strain curve of our
nucleic acid films compare to typical
polymers as polystyrene[”] and silicone
rubber!’®. We found that longer nucleic
acid molecules possess a higher tensile
strength, in which DNA film (Figure 4B)
has an elastic property with strain and also
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Figure 4.

Stress-strain curve of (A) polystyrene, (B) DNA film, (C) RNA film and (D) silicone rubber or PDMS.
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has a stronger tensile strength than RNA
film (Figure 4C). The mechanical proper-
ties of the nucleic acid films are in good
agreement with the AFM results of
nano-scale property. From the AFM
images of films, the step features of DNA
film (Figure 3A) can make the film more
stretchable due to the sliding of each layer
independently, which is why it presents the
highest strain at break. However, topology
of short RNA film (Figure 3B to C) looks
amorphous, which leads to easier breakage.
These results illustrate the advantageous
correlation of nucleic acid nano-scale
structure to the formation and properties
of macro-scale films.

Conclusions
Nucleic acids are interesting nano-
biomaterials which are able to self-

assemble into supramolecular architectures
through the formation of specific hydrogen
bonds between complementary nucleotide
strands. We have succeeded in preparation
the self-supporting films incorporating
cationic lipids, creating complexes based
on electrostatic interaction. X-ray diffrac-
tion experiments and AFM results indicate
that these films have a lamellar multi-
layered structure with layers of nucleic
acids being separated by lipid bilayers of
DDAB. Interestingly, the tensile properties
of the film depend on the molecular
structure as well as the length of the nucleic
acids. The effect of nucleic acid molecular
structure (single and double strands) and
molecular weight (different lengths) on the
properties of these films is presently being
investigated in more details. Moreover, we
will focus on the addressability and pro-
grammability of the nucleic acid into this

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

supramolecular film, for example, a non-
covalent network structure based on com-
plementary poly(homonucleotides) formed
by hydrogen bonds which may have an
effect on the film’s properties and applica-
tions, etc. We anticipate that these new
bio-materials could have interesting appli-
cations as the naturally-occurring func-
tional material, drug delivery material,
biosensor, etc.
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