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Interaction of polyadenylic acid, poly(A), with stearic acid Langmuir-Blodgett (LB) monolayer was studied in
different electrolyte surroundings. For this purpose LB films of stearic acid, transferred on the mica substrate
from poly(A) containing subphase, were analyzed with atomic force microscopy (AFM). The density of
polynucleotides surface coverage is ruled by the monovalent electrolyte concentration in the subphase that is in
good agreement with previous results. Divalent cations in the subphase are needed to stabilize poly(A) molecules
on the surface through formation of “salt bridges”. At the very low divalent electrolyte concentration polynucleotides
adsorb on the LB film to domains in which the effect of self-assembly is observed. Increase of divalent electrolyte
concentration leads to the loss of this orientation effect. The explanation of this effect is proposed.

Introduction

Investigation of polynucleotide assemblies is currently of
strong interest in biotechnology. Due to their unique recognition
capabilities, physicochemical stability, mechanical rigidity, and
possibilities for repeated denaturation-hybridization cycles,
polynucleotides and their complexes are increasingly used in
technological and medical applications, e.g., as DNA microar-
rays for genomics,1 as biosensors,2,3 and nanowires,4 etc.

Another possible application is the use of DNA-cationic lipid
complexes for gene delivery.5 A variety of such complexes has
been investigated, including DNA adsorption to cationic lipid
bilayers,6 DNA complexes with Langmuir monolayers of
cationic lipid octadecylamine,7 DNA-cationic liposome com-
plexes,8 and creation of multilayered films of nucleic acids and
polycations.9 The build-up mechanism of most polynucleotide
complexes consists mainly of electrostatic interaction between
the oppositely charged molecules.10

Budker et al.11,12 have shown the important role of divalent
ions in the interactions between polynucleotides and zwitterionic
lipid (phosphatidylcholine) membranes. These experiments
provide strong evidence that there is no direct electrostatic
interaction between zwitterionic lipids and DNA, but the
interaction is mediated by divalent cations by formation of salt
(Mg2+) bridges between phosphate residues of polynucleotides
and phosphate groups in phospholipids. Nevertheless, the
mechanisms leading to the formation of polynucleotides and
zwitterionic lipid complexes are still under consideration.13

However, there is a lack of investigation of nucleic acid-
anionic lipid complexes, although Patil et al.14 have shown that
transfection efficiency of anionic liposomes is similar to that
of cationic ones, whereas their toxicity is significantly lower.
It is possible to prepare aggregates from like-charged surfactants
and polymers by mediating the electrostatic attraction using
multivalent counterions. For example, the immobilization of long

dsDNA on a fatty acids monolayer was demonstrated with the
help of Zn coordination and biological activity of immobilized
DNA.15

We are interested in fabrication of polynucleotide complexes
with anionic molecules. In this work we aimed to investigate
the behavior of polyadenylic acid (poly(A)) molecules at the
surface of stearic acid monolayer and to study their interaction
in different electrolyte surroundings. We used here Langmuir-
Blodgett (LB) technique as the tool of creation of the monolayer
and its transfer onto the substrate and atomic force microscopy
(AFM) for analysis of obtained structures. These techniques have
already approved themselves for investigation of different DNA/
RNA complexes.7-9

Materials and Methods

Polyadenylic, stearic acids, and ethylenediaminetetraacetic (EDTA)
were purchased from Sigma. The sodium chloride was USP-grade
(>99.99%, Akzo Nobel). All reagents were used without additional
purification. The polynucleotides have molecular mass of 105-106 Da
(Sigma data), which corresponds to 300-3000 nucleotides in single-
strand chain. The polynucleotide concentration in the subphase was
0.001 mg/mL (molar concentration∼ 3 × 10-6 M of monomer units).
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Figure 1. AFM images of (a) poly(A) molecules immobilized on the
APTES-treated mica and (b) stearic acid Langmuir monolayer
transferred on the freshly cleaved mica surface. Scan sizes are 1.37
(a) and 3.47 µm (b).
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Monolayers were prepared in a Langmuir trough with dimensions
14 × 25 cm2. The deionized water (Millipore Milli-Q system) with
resistivity no less than 18 MΩ‚cm was used in all experiments. The
temperature was 20°C.

Stearic acid was dissolved in chloroform (spectroscopic grade) to
obtain 1 mM solution. The absence of a pressure-area isotherm after
evaporation of chloroform from the water-air interface indicated that
neither chloroform nor its possible contaminants contribute to the
isotherms. After surfactant deposition onto the subphase, the monolayer
was stored during 10 min before its compression (30 min if the subphase
contained a polynucleotide). In the case of a polynucleotide free
subphase, the shape of the pressure-area curves for the surfactants
did not depend on the time period of the monolayer storage (10 or 30
min) before compression.

For the atomic force microscopy (AFM) studies the monolayer was
transferred by vertical dipping method onto a mica surface: at first a
freshly cleaved mica plate with a vertically oriented surface was
immersed into the bath, and then it was withdrawn with the speed of
3 mm/min. The monolayer was transferred only during withdrawal of
the substrate. The substrate was passed through the monolayer one time.
The surface pressure (18 mN/m) was kept constant during the
monolayer transfer procedure.

All the AFM measurements were recorded in air using a Nanoscope
IIIa microscope (Digital Instruments, Santa Barbara, CA) equipped with
15µm scanner in the tapping mode of scanning. The commercial silicon
cantilevers had 42 N/m stiffness; their resonance frequency was in the
range of 280-310 kHz. The scan frequency was about 2 Hz. Image
processing was performed using FemtoScan software.16

Results and Discussion

Figure 1a represents a typical AFM image of poly(A)
molecules used in our experiments. This image was obtained
on the specimen that was prepared using conventional technique
of DNA immobilization on an APTES-modified mica surface.17

The height and the width of the molecules measured on the
half-height are 0.7-0.8 and 8-10 nm correspondingly, which
is consistent with previous results, where AFM images of poly-
(A) molecules were obtained in tapping mode.18 The measured
heights and widths cannot, however, be considered as true
dimensions of poly(A) molecules due to the well-known

broadening effect of the AFM tip and its slight compression
effect.19 It should be noted that the broadening effect depends
strongly on the tip radius (which we did not control), and
therefore we use the width value only for rough estimations.
The measured contour lengths of poly(A) molecules on the
substrate vary from several tens of nanometers to 500 nm, which
is in a good agreement with the molecular mass distribution of
the polyadenylic acid used (see Materials and Methods).

AFM images of stearic acid LB monolayer, transferred onto
the mica substrate from the subphase free from nucleic acids,
either containing ions or not, represent a smooth homogeneous
surface with rare defects (holes) (Figure 1b). The number of
holes in the monolayer and their depth (the hole can be also
made artificially by AFM tip if needed) help to control the
quality of the obtained monolayer. In our experiments we have
created monolayers with less than 1% of defects on the surface
(in the meaning). Additional evidence of the successful mono-
layer transfer is the change of hydrophobic properties of the
surface after its dipping in the trough, which was detected by
considerable change of the contact angle (data not shown).
Stearic acid monolayer modified mica becomes hydrophobic
due to exposed hydrocarbon tails of fatty acid.

AFM images of the specimens obtained from the subphase
containing poly(A) and 1 mM of NaCl (or without any salt at
all) look similar to control images of stearic acid monolayer
(Figure 2a). Double-layer electrostatic repulsion of two like-
charged negative surfaces prevents the adsorption of poly(A)
on the monolayer to take place. In the presence of 10 mM NaCl
in the subphase some solitary fibers can be observed in the
corresponding AFM images (Figure 2b). The lengths of these
fibers coincide with lengths of poly(A) molecules in the control
images (Figure 1a), and therefore we assume that here we also
observe poly(A) molecules. The increase in concentration of
sodium chloride in the subphase results in the increase of the
surface density of poly(A) fibers visualized on the monolayer
(Figure 2c-f). Topographical features observed in Figure 3c
as white spots could be aggregated poly(A). When sodium
chloride concentration in the subphase constitutes 500 mM, it
becomes clearly seen that poly(A) molecules form the domains
of stretched parallel molecules on the monolayer and each

Figure 2. AFM images of stearic acid LB monolayers transferred from the subphase containing polyA (10-3 mg/mL). The NaCl concentration
in the subphase was (a) 0 M, (b) 10 mM, (c) 100 mM, (d) 500 mM, and (e, f) 1 M. Image sizes (a-e) 2.14 and (f) 1.09 µm.
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domain has its own direction of alignment. These structures are
well-reproduced and uniform throughout the full surface of the
sample. AFM images were stable, and observed structures were
not somehow damaged or modified by the AFM tip during
measurements. There is no detectable correlation between the
directions of poly(A) domains on the mica surface and the
direction of its withdrawal during monolayer transfer. This
testifies that the orientation effect took place prior to the
monolayer transfer. Stearic acid LB monolayer is transferred
by COOH groups to the mica surface and hydrocarbon chains
exhibited out of surface. This means that on our samples poly-
(A) molecules are sandwiched between mica and stearic acid
monolayer.

Addition of divalent ions (Mg2+, 1 mM) into the subphase
induces the intense complexation of poly(A) with stearic acid
monolayer. The amount of adsorbed poly(A) molecules is
practically constant in the presence of Mg2+ regardless of NaCl
concentration in the range of 0-100 mM (Figure 3a,b). Divalent
ions have much more pronounced effect on the adsorption
behavior of negatively charged surfaces because they produce
a shorter Debye length than monovalent electrolytes (at the same
concentration).20 In some cases poly(A) molecules tend to orient
parallel (Figure 2b), but this effect is not so pronounced as in
the previous case. At 1 mM of Mg2+ and 500 mM of NaCl the
surface density of poly(A) molecules greatly increases (Figure
3c). Small nonfibilar features in Figure 3a,b correspond to short
fragments of poly(A) molecules, and large ones in Figure 3c,
to poly(A) aggregates, which are formed in solution with high
salt concentration.

In the case when the subphase contained 1 M NaCl and
chelating agent (EDTA sodium salt, 10 mM), polynucleotides
were not found on the substrate (Figure 4). Comparing this result
with the results presented in Figure 2, we conclude that
adsorption of poly(A) is mediated by divalent cations which
are present in our used NaCl solution in a small amount (less

than 0.01% by mass, see Materials and Methods, or in molar
concentration less than 0.6 mM for MgCl2).

We should emphasize that the results presented in the Figures
1-4 were highly reproducible including the dependence of
coverage density on the monovalent salt concentration and self-
organization effect presented in Figure 2.

The dependence of the adsorption density on the electrolyte
concentration is well-known and can be explained as follows:
by increasing the monovalent (or divalent) ion concentration
the double-layer electrostatic repulsion of the two surfaces may
be reduced as much as to let these surfaces approach each other
and fall into the van der Waals attraction domain.20 The small
amount of divalent ions might be required to stabilize the
structure, and to see the molecules by AFM because they are
imaged in air, they could leave the surface during monolayer
transfer unless some electrostatic (attractive) components are
brought into play by the Mg ion impurities.

The orientation might be due to some epitaxyal effect made
possible by the quasi-equilibrium conditions ensured by the very
low divalent ion concentration. We should emphasize the role
of stearic acid monolayer in this orientation effect: we did not
find the reports about similar structures on the mica surface
with the same other “players” (nucleic acids and mono- and
divalent ions), though such systems have been thoroughly
studied.21,22The role of the monolayer might be the following:
the surface of the monolayer consists of the rows of hydrocarbon
tails alternated with the rows of grooves which form well-
ordered 2D structure. Similar structures were repeatedly ob-

Figure 3. AFM images of stearic acid LB monolayers transferred from the subphase containing polyA (10-3 mg/mL) and MgCl2 (1 mM). NaCl
concentration in the subphase was (a) 0 M, (b) 100 mM, and (c) 500 mM. Image sizes are 1 × 1 µm2.

Figure 4. AFM image of stearic acid LB monolayer transferred from
the subphase containing poly(A) (10-3 mg/mL), NaCl (1 M), and EDTA
(10 mM). The scan size is 1.27 × 1.27 µm2.

Figure 5. Analisys of poly(A) domains orientation on the example of
the AFM image of stearic acid LB monolayers transferred from the
subphase containing poly(A) (10-3 mg/mL) and 500 mM NaCl. Three
types of domains are outlined and marked as I, II, and III.
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served on different LB monolayers with AFM23 and can be
considered as 2D crystals. If divalent concentration is very small
(and therefore the molecules have enough freedom), poly(A)
molecules arrange along the grooves because here they have
minimal potential energy. Arrangement of DNA molecules along
the crystallographic axes was also observed on the graphite
surface.24 Analysis of poly(A) domains orientation shows that
there are three types of domains outlined and numbered as I,
II, and III in Figure 5, which is the same AFM image as in
Figure 2d. The angles between the directions of polynucleotide
molecules inside these domains constitute 60°. This angle
indicates that the LB monolayer is probably packed into
hexagonal structure on the mica surface.

Kinetic trapping conditions due to increased divalent ion
concentration prevent this orientation effect from taking place.
Divalent ions act as bridges between two negatively charged
surfaces and therefore stabilize the negative charged molecular
structure.20

Conclusion

We have demonstrated here a new method of creation of self-
organized nanostructures of long poly(A) molecules using simple
Langmuir-Blodgett technique and transfer of the monolayer
with polynucleotides onto a solid substrate. In the presence of
a small amount of divalent cations and 0.5-1 M of sodium
chloride in the subphase poly(A) molecules adsorb onto the
surface of the stearic acid monolayer in domains which consist
of stretched parallel threads. The angles between the directions
of polynucleotides inside these domains constitute 60°. Mon-
ovalent ions make the adsorption possible due to Debye
screening. Thus, the surface density of polynucleotide molecules
in these domains can be governed by the monovalent ion
concentration. Divalent ions stabilize the negative charged
molecular structure: when divalent ion concentration is very
low, this stabilization effect is weak, and therefore poly(A)
molecules have enough freedom to adsorb along the grooves
of a stearic acid monolayer; the increase of divalent ion
concentration leads to kinetic trapping and therefore to the loss
of the orientation effect.

Molecular self-assembly presents a “bottom-up” approach to
the creation of objects specified with high precision. At the
present time many systems with self-assembly of DNA have
been developed which are based on complementary binding of
DNA molecules.25,26 Fabrication of these systems requires
computational design of the sequence of each molecule included
in the structure and their further synthesis. In our work we report
about another kind of self-assembly which is not based on
specific interactions of complementary base pairs but is ruled
just by electrostatic and van der Waals interactions at the surface
of a stearic acid Langmuir-Blodgett monolayer.
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