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Our study aims at a better control and understanding of the transfer of a complex [DNA supercoiled plasmid – dodecyltrimethylam-
monium surfactant] layer from a liquid–vapour water interface onto a silicon surface without any additional cross-linker. The production 
of the complexed layer and its transfer from the aqueous subphase to the substrate is achieved with a Langmuir–Blodgett device. The 
substrate consists of a reconstructed boron doped silicon substrate with a nanometer-scale roughness. Using X-ray photoelectron spec-
troscopy and atomic force microscopy measurements, it is shown that the DNA complexes are stretched in a disorderly manner through-
out a 2–4 nm high net-like structure. This architecture is composed of tilted cationic surfactant molecules bound electrostatically to DNA, 
which exhibits a characteristic network arrangement with a measured average fiber diameter of about 45 ± 15 nm covering the entire 
surface. The mechanism of transfer of this layer onto the planar surface of the semi-conductor and the parameters of the process are 
analysed and illustrated by atomic force microscopy snapshots. The molecular layer exhibits the typical characteristics of a spinodal 
decomposition pattern or dewetting features. Plasmid molecules appear like long flattened fibers covering the surface, forming holes of 
various shapes and areas. The cluster–cluster aggregation of the complex structure gets very much denser on the substrate edge. The 
supercoiled DNA plasmids undergo conformational changes and a high degree of condensation and aggregation is observed. Perspec-
tives and potential applications are considered.

Keywords: Nanopatterning; Atomic force microscopy; Langmuir/Blodgett/Kuhn assemblies; DNA surfactants

1. Introduction

This work aims at developing a method for depositing
onto a planar conductive surface a well-characterized
monolayer of self-assembled desoxyribonucleic acid
(DNA) supercoiled plasmids bound to cationic surfactant
molecules (tetradecyltrimethylammonium bromide, TDAB

or C14TAB). In many studies, different types of cross-linker
or modified surfaces were used to immobilize DNA onto a
substrate [1–3], or to chemically bind oligonucleotides onto
a given substrate. Additionally, in recent years, the adsorp-
tion/desorption mechanisms of various organic molecules
at the silica-aqueous surface have been investigated [4].
Adsorption of biomolecules on silica surfaces as well as
competition between surfactants and polymers during the
adsorption process is also of current interest. Moreover,
many contributions have focused on the formation of

* Corresponding author. Tel.: +33 3 81 66 65 60; fax: +33 3 81 66 65 22.
E-mail address: michel.fromm@univ-fcomte.fr (M. Fromm).

1



complexes involving DNA. These systems have been exten-
sively studied even though the mechanism of formation is
not completely understood [5]. In such experiments, the
DNA layers must be characterized, in particular it is essen-
tial to understand the underlying self-assembly processes
resulting in the formation of the supramolecular structures
under investigation. Trying to understand the effect of 2D
nanoscale supramolecular organization and patterning
when mixing DNA with a cationic amphiphile monolayer
in complex Langmuir–Blodgett (LB) films is a more recent
topic. Learning how to control such biomolecular assembly
processes and application of these principles to fabricate
new functional nanostructures and nanostructured materi-
als can be an effective approach in nanoscale science, ad-
vanced materials research and molecular nanotechnology.

With TAX standing for ‘‘trimethylammonium halide’’
and n for the number of carbon atoms of an aliphatic
chain, CnTAX (n = 12–16 and X = Br, Cl or F) surfac-
tants, as well as their complexes with polyanions are fre-
quently used as model systems. For example, with
[surfactant]/CMC < 0.1, where CMC stands for the critical
micelisation concentration, Cardenas et al. [6] have shown
that the stability of mixed CnTAX/DNA layers adsorbed
onto hydrophobized silica surfaces; p-type boron doped
and oxidized silicon wafers, silanized with dimethyloctyl-
chlorosilane, largely depends on the cationic surfactant
length (n) in presence of 10 mM NaX. C12TAB (DTAB)
was found to be the least stable complex and to adsorb
close to the point of phase separation. Interestingly, these
authors did mention that one would expect the complete
removal of the cationic surfactant from the mixed layer
by continuous rinsing with 10 mM NaX solution. It thus
seemed interesting to focus our attention on TDAB
(C14TAB or tetradecyltrimethylammonium bromide) due
to its weak to intermediate stability when complexed with
DNA. Therefore, deposition of TDAB/DNA complexes
is here realized by means of the weak intermolecular forces
between the formed complexes and the surface atoms. In
this case, structured monolayers in the dilute regime, far
under the CMC, are produced without any particular treat-
ment except for a prior surface reconstruction of the boron
doped silicon surface.

The Langmuir–Blodgett device is a powerful tool to
electrostatically assemble different ionic molecules and
build well controlled ultrathin organic films [7]. In order
to retain and increase the concentration of water soluble
DNA macroanions onto the air–water interface, one forms
electrostatically and hydrophobically stabilized complexes
between the charged DNA macroanions and positively
charged cationic lipids, the so-called surfactant-polyelec-
trolyte complexes (SPECs). The cooperative interactions
between both water soluble DNA and surfactant molecules
at the air–water interface makes the SPECs practically
water insoluble and undesorbable from the interface into
the bulk of the aqueous solution. The TDA+ amphiphilic
ions, bound to DNA by multiple electrostatic contacts,
produce the hydrophobisation of DNA macroanions by

attaching long hydrophobic alkyl chains to the macromo-
lecular backbone and consequently highly increase the
adsorption activity of these SPECs. As received or cleaned
silicon and boron doped silicon surfaces are indeed charac-
terized by a surface energy of the order of 40–50 mJ m�2

with a d
�
sw � d

þ
sw (d stands for the polar components of

the surface energy). Therefore, for the mixed DNA–cat-
ionic surfactant complex, adsorption will occur and in-
crease only when the repulsion between the DNA
macromolecule and the surface is sufficiently decreased
due to the cationic surfactant–DNA interaction.

It is known that surfactant-polyelectrolyte complexes
form organized structures at the air–water interface [8].
It has for example been shown [9] that DNA forms elec-
trostatically and hydrophobically stabilized complexes
with amphiphilic molecules like CPB (cetylpiridinium
bromide) in the Langmuir films, and that these com-
plexes are separated in macroscopic aggregates at the
water–air interface. Dai et al. produced nanopatterned
DNA films on a flat mica surface using the LB technique
and an octadecylamine (ODA) surfactant [10]. With a
3000 base pair (bp) Calf Thymus DNA they obtained
original structures, called ‘‘fractal-like structure’’, which
are characterized by the formation of dendrites in the
ODA/DNA coating. The coverage and therefore the
compaction of the ODA/DNA complexes were found
to vary with the pressure applied per unit area of the
LB trough. In the present LB experiments, we use
3197 bp supercoiled plasmids complexed with TDAB in
order to build a molecular layer on a reconstructed bor-
on doped silicon surface with a well-defined flatness. We
analyse the TDAB/DNA complexes formed on the boron
doped silicon surface at the very beginning of the specific
TDAB/DNA phase transition. Compared to higher order
homologues, TDAB has a lowest stability when associ-
ated with DNA in water [6]. Furthermore, the super-
coiled plasmids are characterized by a high flexibility
[11] and their particular topology can undergo consider-
able transformation. One possible pathway is relaxation
from its plectonemic form to its circular form. This relax-
ation can be either irreversible or reversible and can be
driven by external perturbations such as a single strand
break (irreversible relaxation) or even changes in the io-
nic-strength, pH or temperature of the surrounding med-
ium (reversible relaxation). With the exception of a single
strand break, the other conditions listed above can result
in a reversible opening of portions of the primary DNA
helix to relieve the supercoiling stress. Condensation is
another pathway generally mediated by multicharged cat-
ions. Condensation occurs in several possible forms: rect-
angular block-like, rods, toroids, flower-like [12] with
linear double-strands. When dealing with circular plasmid
condensation, the following forms have been observed:
circular, thick flattened, compact, toroidal and rod-like
[13]. We report here the formation of condensed rods
assembled in an interlaced monolayer where complexa-
tion is achieved with a monovalent cationic surfactant.
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2. Materials and methods

2.1. Materials

Supercoiled DNA (Pgem 3ZF(�), 3197 bps, ca.
1.9 · 106 amu per plasmid) was extracted from Escherichia
coli JM109, purified with HiSpeed Plasmid Maxi Kit
(Qiagen) and resuspended in ultrapure water. The DNA
concentration was measured spectrophotometrically by its
absorbance using the specific extinction coefficient e = 1,
31 · 104 mol�1 cm�1 at 260 nm; the absorbance at 320 nm
was negligible indicating the absence of protein contamina-
tion [14]. The final DNA solution was adjusted to 0.075 g/
L. Following purification, less than 8% ± 1of theDNApop-
ulation are in the circular conformation according to our
measurements based on 1% agarose gel electrophoresis in
TAE buffer at 6.7 V cm�1 for 7 min and 5.0 V cm�1 for
68 min. Both the gel and DNA were prestained with
SYBR-Green 1 (Molecular Probes) (1· for gel and 20· for
DNA, respectively) and then analyses were made by fluores-
cence [15]. Amphiphilic molecules of tetradecylmethyl
ammonium bromide (TDAB) were supplied by Aldrich with
a guaranteed purity of 98%; they were used without further
purification. All aqueous solutions were preparedwith ultra-
pure water having a resistivity of 18.2 MX cm.

2.2. Surface preparation

Silicon samples are prepared in an UHV chamber. The
boron doped Si(111) substrate (10�3 X cm resistivity) is
carefully outgased and cleaned in situ by a series of rapid
heatings to 1150 �C under a pressure less than 10�9 mbar.
Afterwards, a thermal process (several hours at 750 �C)
activates the boron segregation at the surface and a boron
atom concentration of 1/3 monolayer (ML) is obtained
(one ML is referred to as the Si(111) atomic density with
7.831014 atom cm2). The surface exhibits an ideal surface
boron (

p
3 ·

p
3)R30� reconstruction. This structure is ex-

plained by the presence of a boron atom, in the third layer,
just underneath the Si adatom. The boron atom, substi-
tuted for a silicon atom induces a charge transfer from
the Si adatom to the boron atom, which partially passivates
the surface [23]. We obtain in this case a silicon surface
with empty dangling bonds.

2.3. Langmuir–Blodgett films

The monolayers of TDAB/DNA complexes were
formed based on a novel method consisting of spreading
the aqueous solution of DNA with a microsyringe on the
aqueous subphase containing the TDAB solution. A
DNA concentration of 4 · 10�8 mol/L and a TDAB con-
centration of 10�5 mol/L were chosen to ensure the insolu-
bility of the electrostatic complexes. This method allowed
us to avoid the undesirable contact of the DNA with organ-
ic solvents currently used in classical spreading of polymers
bound to soluble surfactants on the aqueous subphase.

The films were prepared in a trough having a carbon-
coated surface and a moving barrier. Compression was ini-
tiated 10 min after spreading the amphiphilic molecules,
which allowed a TDAB/DNA layer to be formed in the
aqueous subphase. The p–A isotherms were measured at
a constant barrier speed of 7.5 cm2 min�1 by a computer-
controlled KSV-1100 film balance system (KSV Instru-
ments, Helsinki, Finland) and the surface pressure by a
platinum Wilhermy balance of 39.3 mm perimeter. The
maximum surface area was 242 cm2 and the subphase
was maintained at a temperature of 22 �C. The LB films
were formed after previous compression of the TDAB/
DNA complex layers under selected constant values. These
layers were transferred onto reconstructed boron doped sil-
icon using the vertical lift technique at a dipping speed of
5 mm min�1 according to the specific isotherm of our
system.

2.4. Characterization by AFM and XPS

AFM images were obtained with a Nanoscope IIIa
(Digital Instruments Inc.). V-shaped silicon nitride cantile-
vers at resonant frequencies of 300 kHz in the tapping
mode to record height images of the surface at atmospheric
pressure. XPS analysis was performed using a SIA Riber
Cameca UHV device operating at a pressure of 10�8 Torr.
The photoelectron emission spectra were recorded using an
MgKa (hm = 1253.6 eV) non-monochromatized source
(350 W). The angle between the X-ray direction and the
emitted electron direction was 60�. The area analysed was
about 25 mm2. The kinetic energy of the photoelectrons
was measured with a two stage Riber Cameca MAC 2 spec-
troscopic spectrometer at an analyser resolution of 1 eV.
The spectrometer energy scale was calibrated using the
Au 4f 2 (83.9 ± 0.1 eV) and Cu 2p 2 (932.8 ± 0.1 eV) pho-
toelectron lines with respect to the Fermi level. XPS and
XAES spectra were recorded in direct N(E). The back-
ground signal was removed using the Shirley method [16].
The surface atomic concentrations were determined from
photoelectron peak areas (C 1s, O 1s, N 1s) using the atom-
ic sensitivity factors reported by Scofield [17] and taking
into account the transmission function of the analyser.
The binding energy scale was established by referencing
the O 2s value (25 eV) and the C 1s value of carbon
(285 eV, useful international standard in polymer analysis
by XPS) [18]. The C 1s and O 1s photoelectron peaks were
analysed by Gaussian/Lorentzian peak fitting. The full
width at half maximum (FWHM) and the positions of
the components were compared to those observed for our
polymer reference samples [19] to insure that the acquisi-
tion times did not cause significant damage.

3. Results and discussion

The ratio of positive charges due to TDAB cations
(250 mL, 10�5 M) over the total negative electrical charges
due to the DNA (27 lL, 4 · 10�8 M) smeared over the
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Langmuir film is a key parameter in our experiments. With
TDAB amphiphilic molecules in aqueous solution, at room
temperature (25 �C), the CMC is known to be �3.5 mM
[20]; we used a [TDAB] = 10�2 mM � CMC. Apart from
bromide TDA+ counterions, other ions in the drop were
the DNA counterions (mostly Na+ and H3O

+); no other
ions were added during the process. Based on a Langmuir
adsorption isotherm

CðCsÞ ¼ Cmax

bCs

1þ bCs

� �

ð1Þ

with Cmax = a/RT, a = 0.011 J/m2 and b = 1.67 L/mol, the
equilibrium adsorption value, C (Cs), corresponding to the
surfactant concentration Cs = 10�5 mol/L was estimated to
be C = 7 · 10�10 mol/m2. Thus, the surface density of pos-
itively charged trimethylammonium ions is equal to
n+ = 7 · 10�10 mol/m2. The quantity of negative charges
N� due to DNA is estimated to be N� = 2 · 3197 ·

CDNA · VDNA = 7.10�9 mol. We obtain the value
n� = N�/A0 = 3 · 10�6 mol/m2 for the upper limit of the
surface density, n�, of the phosphate groups at the surface
of the aqueous solution with the initial area A0 = 242 cm2.
On the other hand, considering all charges, the total num-
ber of negative charges from DNA is 7 · 10�9 mol while
the total positive charges from TDA+ is 2.5 · 10�6 mol,
which is three orders of magnitude higher, so that most
of the solubilized plasmids can be partially or totally neu-
tralized by the TDA+ and therefore behave as hydrophobic
species. Compression was initiated 10 min after smearing
the DNA solution on the macroscopic aggregates of the
amphiphilic molecules that form the superficial film. Dur-
ing compression of the barrier, the DNA aggregates due
to electrostatical forces until it starts mixing with the sub-
phase layer, as shown by the increase in surface pressure
in the p–A isotherms (Fig. 1). In this compression curve,
the shoulder at 21 mN/m indicates a transition to the solid
phase regime of the LB film. The electrostatic interaction
between DNA and cationic amphiphilic molecules is
responsible for the observed surface rigidity. The method
used in this work consists in the spreading of a DNA solu-
tion droplet onto the Langmuir layer formed by the TDAB
molecules. This method was found to be the most reliable
as well as the most economic. An alternative often used
method is the following: the DNA is first put into solution,
then incubated for the time necessary for the complex to be
formed by means of diffusion from the bulk to the interface
where the TDAB layer electrostatically attracts the DNA
polyanions.

With this last method, the amount of DNA to be used is
very high and the incubation time must be greater than half
an hour under our conditions. Our spreading method re-
quires a 27 lL droplet of DNA solution and an incubation
time of 10 min. Within our experimental conditions, we are
not capable of determining exactly the amount of DNA
that passes from the interface into the solution. Conven-
tionally, in the LB experiments, the assumption can be
made that the total number of DNA molecules introduced

remains the same, i.e. we suppose that none of these mole-
cules escape into the bulk. By this way, we normalize the p–
A isotherms and express the area in function of an average
value (within our conditions, a0 = 5.74 nm2) equal to the
entire area of the trough divided by the total number of
phosphate groups that will electrostatically react with the
TDA+ cations.

The isotherm shows that TDAB on DNA in the sub-
phase exhibits an expansion which is evidenced by the
compaction of DNA molecules. During this step, an elec-
trostatic mixing occurs at the surface tending to assemble
TDA+ cations with DNA soluble polyanions forming the
TDAB/DNA complex layer at the liquid–vapour interface.
As soon as compaction at 21 mN m�1 (see arrow on Fig. 1)
is achieved, the immersed boron doped silicon (Si(B)) plate
is lifted. The resulting layer deposed on the Si(B) surface is
analysed by of XPS and AFM.

AFM analyses are performed in the tapping mode on the
center of the samples as well as on its borders. Fig. 2 shows a
typical image of the TDAB/DNA structure observed on the
sample surface after the vertical LB deposition was per-
formed. On the top of this image, a scratch is visible which
indicates the formation of a nanometer-scale supramolecu-
lar coating. The flatness of the surface at the nanometer-scale
is also clearly illustrated when comparing the part of the sur-
face that remains in contact with the air (the scratch) and the
lower part of the figure where atomic terraces, specific for
reconstructed boron doped silicon, are visible. In order to
make this clearer, an image of a reconstructed Si(B) surface

Fig. 1. Isotherm of DNA (Pgem 3ZF(�), 3197 bps, ca. 1.9 · 106 amu per

plasmid, 4 · 10�8 mol/L) and TDAB (10�5 mol/L) at 22 �C. Curves 1 and

2 correspond to the spreading method and curve 3 corresponds to the

adsorption of the DNA from the bulk to the interface (30 min incubation).

These three curves have been normalized assuming that the initial number

of DNA macromolecules added in the bath fully react with the TDAB

molecules forming the Langmuir layer. The inset shows the curve

corresponding to the experiments described in this paper (spreading of a

27 lL drop of the DNA solution), the error bars correspond to the

maximum deviations observed among all our LB experiments. The arrow

points on the shoulder produced by the transition to the solid phase

regime of the LB film.
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obtained prior to the LB process is inseted at the bottom
right of Fig. 2 to show the characteristic 0.384 nm high
uncovered terraces (one bi-layer).

RMS measurements made over the observation fields
indicate that the height of the TDAB/DNA structures
ranges from 2 to 4 nm. An average width of 45 ± 15 nm
for the fibers was measured from the different scanned
fields. The height value is of the order of the doubled-
stranded DNA diameter of 2 nm. This indicates that most
of the clusters composed of TDAB electrostatically
bounded to the DNA lie flat on the Si(B) surface, which
might account for the surface strain driven structure of
the layer. There is uncertainty in the determination of the
mean width of the TDAB/DNA fibers due to limitations
in the sharpness of the cantilever tip. As mentioned by
Nie and McIntyre, the tip diameter can also be increased
due to contamination [21]. In our case, the diameter of
the tip of the cantilever is typically d = 10 nm. As men-
tioned elsewhere [22], the overestimation in determining
the fiber dimensions is approximately (d2 + L2)1/2.

The length of a CnTAB molecule in the all-trans confor-
mation of the alkyl chain is given by Pauling [23]

‘ðCnTABÞ ¼ 0:245
n

2
� 1

� �

þ rMe þ rN–Me ð2Þ

With the van der Walls radii of the methyl (rMe = 0.20 nm)
and trimethylammonium (rN–Me = 0.35 nm) end groups,
(2) yields 1.78 nm. Thus, with a 2 nm diameter DNA dou-
ble-strand, supercoiled circular plasmids condensed with
TDAB molecules bound to each side, with a mean length
of 1.78 nm in their zig–zag form, have an average size of

5.5 nm. Taking into account the plectonemic topology of
the supercoiled plasmids, a mean fiber diameter of
�20 nm is considered as a sound estimate of a twice-folded
fiber diameter (see Fig. 3). This estimate of 20 nm leads to a
22 nm overestimation of the mean fiber diameter. To be
consistent with the average measurement of 45 ± 15 nm,
more than two folds per plasmid must be considered.
Therefore, the most probable configuration of the
TDAB/DNA complex is an arrangement of manifold inter-
lacing plasmids sandwiched between TDAB molecules
tilted toward the surface plane.

The plasmids are linked through hydrophobic bondings
and form fibers. A different arrangement of the TDAB/
DNA complex near the edge of the sample exists owing
to the higher density of the layer or surface coverage. Com-
paction can be attributed to the dipping of the sample at
the edges which induces a short attraction of the com-
pressed liquid surface owing to capillary forces as well as
an elastic pulling force acting during the layer break-up.
The characteristic height of that denser part of the molec-
ular structure nevertheless appears to be lower than else-
where on the sample; i.e., respectively 2–2.5 nm instead of
2–4 nm. In contrast, the average width of the fibers remains
of the order of 45 ± 15 nm. A typical high-density TDAB/
DNA layer is presented in Fig. 5. On this Figure a very
high level of compaction of the coating is achieved. More-
over, the TDAB/DNA coating exhibits a non-periodic
ordered-like structure.

XPS analyses of the whole surface (Table 1) confirm the
presence of DNA based on the signature of the phosphate
2p photoelectron peak (1.2%) which arises only from the
DNA backbone. In addition, when compared with the
atomic content of the uncovered Si(B) interface, the carbon
composition increases notably after the putative TDAB/
DNA complex has been deposited. In addition, nitrogen
is present (3.4%) and a very low decrease in the oxygen
composition is measured, all of which is consistent with
the presence of DNA. The decrease in the oxygen content

Fig. 2. AFM image (tapping mode) of the TDAB/DNA complex

transferred onto the Si(B) surface. On the left lower portion of the

observed field, atomic terraces covered by the complex molecular network

are visible. The inset shows such terraces (0.384 nm high) imaged on a

Si(B) sample before it was immersed in the LB trough. Atmospheric

contaminants are disseminated over the layer and appear under the form

of white grains. The observed area is 8 · 8 lm2.

Fig. 3. Schematic view of a DNA supercoiled plasmid complexed with

TDA+ amphiphile ions. The width of a TDAB–DNA–TDAB structure in

the plane of the surface is �5.5 nm. Due to its supercoiled conformation,

the DNA molecule complexed to TDAB has a width greater than 11 nm;

the addition of one more interweaving results in dimensions greater than

25 nm or more.
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when the layer covers the surface can easily be understood.
XPS analyses of the uncovered surface of a Si(B) sample
maintained in air show that oxygen is present at 25% due
to the formation of superficial silicon oxides, mainly hydro-
xyl and etherial [4].

The atomic composition in oxygen measured on the
sample covered with the TDAB/DNA molecular layer is
somewhat less than 1/4 (21%), which is consistent with
the lower average oxygen composition of the DNA layer
(<15% for A, G, T, C bases of the DNA to which the oxy-
gen composition of ribose and phosphate groups must be
added). In addition, the plasmids are themselves complexed
with the TDAB molecules, which lower the oxygen compo-
sition of the layer. The O 1s core-level spectrum can be re-
solved into two components, with the exception of adenine
and a possible small contribution of O–Si bonds. A compo-
nent located at 532.8 eV corresponds principally to car-
bonyl oxygen atoms (O@C) characteristic of three of the
DNA bases [25,26]. On the other hand, the 534.2 eV com-
ponent is mainly attributed to oxygen atoms (C–O–C) re-
lated to the DNA backbone (deoxyribose).

The P 2p photoelectron peak is located at 133.2 eV. This
peak position is attributed to P–O bondings in PO3 and/or
PO2�

4 [27–31]. X-ray photoelectron spectroscopy analyses
also show that boron in the subsurface substitutional sites
is no longer detected when the complex layer covers the

surface (Figs. 2, 4 and 5). The maximum occupation of
boron in the substitution sites of silicon is obtained with
our reconstruction procedure; boron is then located at
the third layer starting from the adatoms. An extinction
of the boron XPS signal signifies that the oxide layer and
the deposited TDAB/DNA layer are larger than the mean
free path of the B 1s photoelectrons ejected from the sub-
surface. It should be noted that the atomic composition
(%) of silicon appears to be reduced by a factor 2 when
the surface is covered by the complex. The mean free path
of 2p silicon photoelectrons in pure silicon can be calcu-
lated using the empirical relation proposed by Seah [32].
Under our conditions

kSi ¼ 0:41 nm�1=2 eV�1=2
� �

� a
1:5
Si � E

0:5
Si ð3Þ

aSi is the silicon atom size estimated from the silicon crystal
density (2.328 g cm�3) and ESi is the kinetic energy of the
2p Si photoelectron. With a MgKa photon energy of
1254 eV, a spectrometer work function of 4 eV and a Si
binding energy of 100 eV, we find k � 2 nm in pure silicon.
The B 1s binding energy is typically 188 eV which yields,
roughly the same k � 2 nm (1.97 instead of 1.88) in pure sil-
icon. As a consequence, keeping in mind that (1) the initial
boron atomic composition measured in the sample was
only 2.6% (Table 1), and (2) boron atoms are located be-
neath the silicon surface (0.384 nm) under two silicon lay-
ers [33], this value is consistent with a TDAD/DNA
coating of 2–4 nm; i.e., a coating sufficiently dense to screen
most of the B 1s photoelectrons escaping from beneath the
surface. The notable carbon composition observed on the
analysed surfaces can be imputed to pollution by hydrocar-
bons emitted into the atmosphere by biogenic and anthro-
pogenic sources [34]. When analysing the covered silicon
boron doped substrate, the detection of nitrogen (3%)

Table 1

Results of XPS spectra analysis for Si(B) reconstruction and Si(B) with

DTAB/DNA LB deposition

Type of sample Atomic concentration (at.% ± 3)

C 1s O 1s Si 2p B 1s N 1s P 2p Br 3d

SiB 27 26 46 3 0 0 0

SiB LB 50 21 24 0 3 1 0

Fig. 4. Shown on the left is a 3 · 3 lm2 AFM image (tapping mode) of the TDAB/plasmid DNA network. The left inset shows the same plasmids in their

supercoiled and circular form deposited onto mica, at the same magnification [24]. On the upper part of the AFM image (see arrow), a sinuous limit (the

dashed line is to guide the eye) separates a denser layer from the rest of the coating. The mean width of the fibers is 45 ± 15 nm and height is 2–4 nm. The

height distribution which appears on the right panel is measured along the full line on the AFM image. The horizontal dashed lines on the Z(X)

distribution account respectively for the substrate (0 nm) and for a naked double-stranded DNA molecule diameter (2 nm).

6



corroborates well the presence of DNA and TDAB. Nitro-
gen is present both in the DNA bases (less than 8% per
nucleotide) and in the TDAB molecule (�2%).

Bromide and sodium counterions were not detected by
means of XPS analyses of the Blodgetted surface, indicat-
ing that most of these counterions remained in the liquid
phase. Screening of the DNA negative charges is therefore
principally due to the amphiphilic quaternary ammonium
cations gathered at the liquid–vapour interface forming
the TDAB/DNA clusters.

The specific arrangement we observed is consistent with
a spinodal dewetting process. Such behaviour is similar to
that recently observed with DNA plasmids and synthetic
polyamine films incubated in aqueous media [35] that un-
dergo nanometer-scale transformations when incubated in
aqueous media. Spinodal decomposition, where spontane-
ous pattern formation occurs during film rupture (dewett-
ing), appears as soon as the amplitude of fluctuations
reaches the film thickness [36]. Dewetting is characterized
by the formation of holes. Spinodal dewetting on silicon
wafers, with both thin and thick oxide layers, was also ob-
served by others [37] for thin liquid polystyrene (PS) films
(3.9 nm) which are used as model polyelectrolytes. Thermal
nucleation was observed by these authors for the same
polymer film and surface, but with a 4.1 nm thick film. In
this case, heterogeneous nucleation was obtained in
6.6 nm thick PS films. Heterogeneous nucleation only can
drive the system towards dewetting from defects or impuri-
ties in the film or substrate at larger film thicknesses. More-
over, nucleation must overcome an energy barrier coming
from either thermal fluctuations or a lower energy passage
(pre-existing nucleation sites). Conversely, spinodal dewett-
ing is a spontaneous self-organizing process caused by a
lowering of the system free energy resulting from a sponta-
neous growth of initial fluctuations or defects. The ob-
served patterns here are typical of a spinodal dewetting
process (see Fig. 4). The high-density compaction of the

TDAB/DNA coating observed at the leaving edge of the
bath is most probably due to the capillary forces that act
at the meniscus of the bath during the vertical lift in con-
junction with an elastic pulling force due to the Langmuir
film break-up (build-up). The structure of the dense layer
evokes orientational phases that exist in liquid crystals.
The layer is compressed and oriented along a unique direc-
tion (Fig. 5). A Fourier Transform of the file presented in
Fig. 5 confirms a preferential orientation of the whole
layer. In fact, the particular 2D texture observed on the
border of the sample is reminiscent of the structure of mol-
ecules in a smectic A liquid crystal phase. It is known that
such structures are generally formed by rod-like or disk-
like organic molecules interacting through strongly aniso-
tropic intermolecular forces. We guess that the Langmuir
layer encountered a transition on the border of the sample
which produced a 2D liquid crystal instead of the aniso-
tropic pattern observed elsewhere on the sample due to sur-
face strain drived spinodal decomposition.

There is evidence for condensation of the DNA plas-
mids. It is well known experimentally that multivalent cat-
ions can condense DNA into toroids and rods [38,39,41].
Condensation in the form of rod-like clusters is possible
owing to both the flexibility of the DNA plasmids, solicited
through their lipophilic domains engaged in hydrophobic
bounds with the TDAB alkyl chains, and the sufficiently
strong Coulombic interactions that dominate the entropic
interactions. Within our experimental conditions, a subtle
interplay between hydrophobic and electrostatic supramo-
lecular interactions can affect the outcome of DNA con-
densation as suggested by Sansone et al. [40].

A water deficit due to the high degree of hydrophobiza-
tion of the TDAB complexes and the electrical neutraliza-
tion facilitates both condensation and attraction between
plasmids. In order to make this clearer, we present in
Fig. 6 AFM views of the plasmids, without surfactant com-
plexation, immobilized on freshly cleaved muscovite mica

Fig. 5. AFM image (tapping mode) of the TDAB/DNA network observed at the vicinity of the leaving edge of the Si(B) plate. The observed area is

3 · 3 lm2. The surface coverage is much higher than on the remaining part of the sample. The compaction of the complex leads to a non-periodic ordered-

like film structure (oblique dashed lines), which is confirmed by the Fourier Transform (inset). The height distribution on the right is measured along the

full line that appears on the left image. The horizontal dashed lines on the Z(X) distribution account respectively for the substrate (0 nm) and for the

diameter of a naked double-stranded DNA molecule (2 nm).

7



after exposure to X-rays in solution. The AFM pictures ob-
tained on mica are presented at the same magnification as
those where TDAB/DNA complexes are deposed on Si(B)
at high- and lower density. In Fig. 6c, after a 15 Gray X-ray
dose was delivered to the DNA solution, both the super-
coiled and relaxed forms are present (Fig. 6c). It appears
that the circular form is quasi absent in the molecular layer
(Fig. 6a and d). On the contrary, supercoiled plasmids with
a high degree of condensation are the main form present in
the depots.

4. Summary and conclusion

We have shown that the unstable TDAB/DNA com-
plexes formed in the aqueous subphase when adsorbed
on a Si(B) substrate, close to the point of phase separation,
undergo a process that ressembles spinodal decomposition.
This spontaneous process leads to the formation of a disor-
dered fiber-like structure composed of a monolayer cover-
ing the surface. There is no evidence for plasmid relaxation
driven by the LB step; on the contrary, dewetting facilitates
the TDAB/DNA complex formation leading to DNA con-
densation. DNA molecules fold several times into progres-
sively shorter toroids and rods, forming a charge-ordered
structure. The cooperative forces due to both electrostatic

and hydrophobic interactions lower the free energy of the
system and support the formation of lace-like patterns.
Interestingly, with the aid of the pulling force caused by
the liquid meniscus break-up, a highly compacted and ori-
ented monolayer is formed on the leaving edge of the
sample.

The homogeneous monolayers of TDAB/DNA com-
plexes produced cover important areas. Such patterns
may be used as 2D templates or scaffolds for construction
of nanomaterials. With their electrical conducting prop-
erty, the Si(B) substrates can serve as electrodes in further
experiments performed with charged particles under vac-
uum as well as in the gas/liquid phase. For example, studies
are currently in progress in order to better understand the
mechanisms of low energy electron induced desorption
from DNA. There is indeed data for DNA in aqueous solu-
tion, or naked DNA immobilized on surfaces exposed to
slow electrons in vacuum, but not so much is known about
electron attachment de-excitation processes in well orga-
nized and complex DNA structures.

Acknowledgements

This research is financed and supported by the
French Ligue de Recherche contre le Cancer (Nord

Fig. 6. (a) AFM images (tapping mode) of the characteristic TDAB/DNA networks observed on the main Si(B) surface and (d) at the vicinity of the

leaving edge. The same plasmids but naked and observed on muscovite mica appear in (b) and in (c) after receiving a 15 Gray dose of X-rays. The

remaining supercoiled (plectonemic) and radiation-induced circular (relaxed) forms are visible in (c). The dashed circles (supercoiled), rhombus (toroid)

and rectangle (circular) are added to scale the topological forms of the plasmids. There is no evidence for a high proportion of circular conformation in the

deposed TDAB/DNA complexes (a and d); the plasmids are in a rather condensed supercoiled form. On Figure 6a, an arrow points on a region where

hemimicelisation or TDAB clusterisation occurs. Snapshots b and c were taken from a previous study [24].
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