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eraction of DNA–octadecylamine
at the air–water interface by ultraviolet-visible
reflection spectroscopy

A. Mora-Boza, T. Lopes-Costa, F. Gámez and J. M. Pedrosa*

In this work, ultraviolet-visible reflection spectroscopy is proposed as a technique that, in combination with

classical surface pressure–area isotherms, allows to study in situ the adsorption of DNA to octadecylamine

monolayers. The presence of the polynucleotide molecules at the interface, typically demonstrated by an

expansion and a change in the profile of theODA isotherms, has been confirmed here by a reflection peak at

260 nm. Increasing DNA concentrations in the subphase from 2 to 8 mM is accompanied by an increment in

the expansion of the isotherm showing in all cases an abrupt phase transitions at high surface pressures that

is also observed in lateral compressibility representations. This phase transition has been attributed to

a squeezing out of DNA phenomenon as demonstrated by the normalization of the corresponding

reflection spectra. In addition, hysteresis and reversibility in the formation of the monolayer has been

identified, making possible the realization of successive compression–decompression cycles without

reaching the collapse of the monolayer. It can be inferred that the DNA molecules expelled out of the

monolayer at high surface pressures can enter again during the decompression process. Reflection

spectroscopy has been also found to be a valuable tool to investigate the dependence of the adsorption

process with both time and DNA concentration in the subphase.
I. Introduction

Nowadays, studies about interaction between polynucleotides
and phospholipids are key for understanding the relation
between these two cellular components. Phospholipids are the
main components of biomembranes, which play an important
role for cellular survival. Cellular membranes are the rst
contact with extracellular medium for the cell and nuclear
membranes are essential in order to regulate the traffic into the
nucleus, where transcriptional mechanism and gene regulation
is developed. Polynucleotides are also indispensable cell
components since they acts as genetic information carriers. For
this reason, the comprehension of its interaction with bio-
membranes from a physicochemical viewpoint involves a large
progress in gene therapy, polynucleotides transfection and
vector engineering. In particular, the disadvantages of viral
vectors in gene therapy (strong immune response, toxicity,
cellular unspecicity, genomic instability or potential muta-
genesis) have turned non-viral vectors into an alternative for the
future.1,2 Non-viral vectors, known as lipoplexes are complexes
formed by DNA and lipids and are able to cross cellular barriers
without the costs derived from viral vectors. Moreover, these
binary systems have non-limiting size, are easy to produce and
exhibit a high diversity of supramolecular structures and
al Systems, Universidad Pablo de Olavide,

o.es
composition.1 Although a large number of studies have
demonstrated that these vectors have a suitable efficiency, its
stability is not high enough yet. Hence, the commonly used
cationic lipids have been combined with neutral lipids known
as helper in order to improve their transfection efficiency,
regulate their toxicity and increase their half-life.3

An interesting avenue in the study of such systems is the use
of model membranes as phospholipids monolayers (Langmuir
lms) spread onto an aqueous subphase containing the poly-
nucleotides. This method allows to determine the main inter-
actions that predominate in the system and to describe the
behaviour of the biomembranemodel in the presence of DNA or
RNA.2,4 However, deeper insight into these interactions is
essential to describe the behavior of the components in the
presence of the other through the application of interaction
models able to interprete the results obtained by additional
characterization techniques. In Langmuir lms studies, the rst
signal that provides information about DNA–lipids interaction
is the expansion of the isotherm in comparison to that of the
pure lipid. During the last years, many authors have observed
this phenomenon with different lipids and polynucleotides. For
instance, octadecylamine (ODA) has been widely used alone or
mixed with other lipids because fatty amines provide a well-
balanced charge tting the requirement for preparing Lang-
muir–Blodgett lms of anionic compounds as DNA.5 To cite
few examples, Ramakrishnan et al.6 observed in their studies
a very large and rapid expansion of ODA/DOTAP Langmuir
This journal is © The Royal Society of Chemistry 2017
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monolayers. Erokhina et al.7 observed that the molecular area of
ODA monolayers was signicantly increased from 21 to 40 Å2

with respect to DNA-free subphases. This fact was interpreted as
a consequence of the hydrogen-bonding interaction between
ODA and DNA. However, Sastry et al.8 assigned this feature to
a diffusion and complexation of DNA molecules with the lipid
monolayer, and Gromelski et al.1 reported that the isotherm
shape is only affected in the presence of divalent cations, and is
squeezed out at high pressure. Among the different hypotheses
about themain type of interactions between lipids and the DNA,
we must highlight the following ones: adsorption and pene-
tration of DNA into the monolayer,1,6,9–16 electrostatical bound-
ing of DNA molecules to the lipid monolayer without any
penetration at the air–water interface7,8,17–19 and conformational
transition of DNA in cation-mediated interaction with anionic
liposomes.20–23

Many of the aforementioned studies use additional charac-
terization techniques in order to support or complete the
isotherm results, both in the monolayer (ellipsometry, X-ray
reectivity or Brewster angle microscopy BAM)1,7,9 or in trans-
ferred Langmuir–Blodgett lms (Fourier transform infrared
spectroscopy, polarized or uorescence spectroscopies).6,8 In
particular, in our previous work a combined BAM and Langmuir
lms study led us to propose a squeezing out mechanism over
other reported possibilities like DNA folding or multilayer
formation. However, only indirect evidences were extracted
from those experiments in relation with the intrinsic ODA–DNA
interaction, specially in the low molecular area region where
BAM images become contrastless and highly brilliant.9 Hence,
in this work, we have investigated the adsorption of calf thymus
DNA to octadecylamine monolayers in a more direct way by
means of reection spectroscopy. To the best of our knowledge,
this technique has not been used before to characterize poly-
nucleotides interacting with lipid monolayers. Reection spec-
troscopy is a powerful tool in the investigation of orientation,
adsorption and chemistry of chromophores in monolayers at
the air–water-interface.24 In this technique, chromophores in
the aqueous subphase do not contribute to the reection
signals from the surface. Their adsorption to lipid monolayers,
however, can be easily studied by measuring the reection
spectrum of the adsorbate. Therefore, the presence of DNA at
the interface has been directly demonstrated and the adsorp-
tion process to the monolayer has been characterized under
lateral compression. Additionally, the amount of adsorbed
polynucleotide as a function of the bulk concentration, and the
adsorption kinetics have been studied using the difference in
reectivity as measuring parameter.

II. Material and methods
A. Chemicals

All chemicals are of reagent grade and have been used without
further purication. Octadecylamine (ODA, 97% purity) and
chloroform were supplied by Sigma Aldrich. ODA was dissolved
in chloroform to a total concentration of 0.3 g l�1 solution. Calf
thymus DNA was also supplied by Sigma Aldrich (lyophilized
salt none detected, #5% protein (BCA)). DNA solutions were
This journal is © The Royal Society of Chemistry 2017
prepared with ultrapure water, which was puried using a Milli-
pore Direct-Q system ($18.2 MU cm). DNA absorbance was
measured with a Cary 100Bio spectrophotometer, and its
concentration was calculated assuming an extinction coefficient
of 6600 M�1 cm�1 at 260 nm. Six solutions with different
concentrations of DNA were prepared from a stock solution:
1.31, 2.62, 3.93, 5.24, 7.86 and 10.48 mM respectively.
B. Instrumentation

Surface pressure–area isotherms were recorded in a NIMA
702BAM Langmuir trough equipped with two Teon barriers
with a total area of 982 cm2. Surface pressure was measured
assuming a zero contact angle with a 10 mm wide Wilhelmy
balance made with Whatmans's Chr1 chromatography paper.
The trough was rst cleaned with chloroform and then repeat-
edly rinsed with ultrapure water. The absence of surface-active
contaminants was veried by compressing the bare water
subphase, obtaining values of surface pressure #0.1 mN m�1.
Then, 150 ml of the ODA solution was spread on the subphase
with a microsyringe. Aer waiting for 10 min for solvent evap-
oration, the surface pressure–area isotherm is recorded with
a barrier speed of 15 cm2 min�1 (1.49 Å2 per molecule per min)
and the ODA isotherms were recorded rst on pure water and
then on DNA aqueous solutions. The reproducibility of the
isotherms was tested by different measurements carried out in
triplicate for independent samples.

Reection spectroscopy measurements were performed with
an Accurion RefSpec2 equipment with a spectral range of 220–
1000 nm. A sensor unit collimates the light to the sample
surface and focuses the reected light into the bers that guide
it to the spectrometer. A sample shutter is controlled via elec-
tronics holding a mirror that reects the light directly to the
detector ber. It serves as a static reference to account for any
lamp dri. The setup is completed with a blackplate located at
the bottom of the Langmuir trough to eliminate stray light
(absorbing and reecting transmitted light out of the sensor). A
single spectrum takes only less than 4 seconds to be performed.
In each experiment, a number of reection spectra were taken
manually at different surface area values while the isotherms
were being recorded. The selected area values were always the
same in order to obtain results that could be comparable and
reproducible. Series of spectra were taken in both compression
and decompression cycles at surface areas ranging from 60 to 15
Å2 per ODA molecule, obtaining 30 spectra per cycle.
III. Results and discussion
A. Isotherms and hysteresis

In this section, a brief set of experiments, some of them already
reported in our previous paper,9 will be conducted in order to
contextualize the rest of our work. In essence, we will sketch the
new but consistent results concerning the shape of the pure and
mixed ODA–DNA isotherms and along with some comments on
the ability of BAM to study the corresponding phase transitions.
In brief, ODA isotherms were recorded on pure water and on
DNA aqueous solutions as shown in Fig. 1. For pure ODA
RSC Adv., 2017, 7, 5872–5879 | 5873
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monolayers, the limiting area value (21 Å2 per molecule) and the
collapse pressure (60 mN m�1) are consistent with the values
found in the literature.14–17 Transition phases are not observed
in this isotherm, a fact that suggests that, as the monolayer is
compressed, the expanded state disappears and a direct tran-
sition from gas to a condensed phase takes place.25 However,
Brewster angle microscopy (BAM)9 demonstrated that transition
phases can be distinguished where the order in the monolayer
is progressively increased as the area per molecule is reduced.
Specically, typical liquid–gas coexistence appears because of
the more intense interactions of the ODA amine group with the
water molecules. This condensation increases until the liquid
expanded phase is almost reached which is accompanied by an
increase in the homogeneity in the BAM images. Further
compression leads to a highly condensed state with increased
brightness in the images, corresponding to the maximum slope
of isotherm and the maximum molecular packing. Finally, the
collapse is reached at 60 mN m�1 with sudden reduction of the
molecular area.

The presence of DNA induces an increasing expansion of the
ODA monolayer as the DNA concentration increases from 2.62
to 7.86 mM, as shown in Fig. 1. In this study, not only an
expansion of the isotherm is reported, but also a dependence
with the amount of DNA in the water subphase. A distinction of
transition phases can be observed in the presence of the poly-
nucleotide which indirectly indicates an interaction between
the two components. Particularly, a liquid phase is observed in
the range 0–26 mN m�1. It is more clearly discerned in the
presence of DNA than in pure ODA isotherms, where transition
phases occur suddenly because of a fast condensation of the
ODA molecules. The amount of DNA in the subphase is also
determining: the expansion of the isotherm is more signicant
at high DNA concentrations, indicating that the amount of DNA
that interacts with ODA monolayer is higher. Moreover, the
expansion process seems to reach a saturation regime at the
maximum concentration of DNA that can interact with the
Fig. 1 Surface pressure–area isotherms of ODA on pure water and on
DNA solutions. DNA concentrations are labeled in the graph.

5874 | RSC Adv., 2017, 7, 5872–5879
monolayer because the same area per molecule is almost
reached at 5.26 mM and 7.86 mM concentrations of DNA. These
results indirectly indicate an interaction between ODA–DNA
molecules and more specically, an adsorption of DNA from
aqueous subphase to the monolayer at the air–water interface.
This interaction occurs because, given that the pH conditions of
the present experiments are below the pK value of the ODA, the
ODA molecules suffer a protonation in presence of water
resulting in positive head groups (R–NH3

+). This positive charge
interacts with typical anionic phosphate groups of DNA,
resulting in an electrostatic interaction. Moreover, the incre-
ment of DNA molecules leads also to a higher expansion of the
isotherms because there are moremolecules of DNA available to
interact with ODAmolecules. Focusing on the transition phases
observed in the monolayer in the presence of DNA, it can be
observed a transition from gas to liquid phase where the
monolayer takes off followed by a more condensed liquid state
at 26 mN m�1 where the slope of the isotherm changes again.
Moreover, an additional and striking slope change take places
around 40 mN m�1, where even a minimum can be observed in
this region at high DNA concentrations. This could indicate
another liquid–liquid transition that deserves further charac-
terization. A similar phenomenon has been observed before by
other authors1,16 being explained with different hypotheses. The
most accepted explanation was proposed by Gromelski et al.1

and was that DNA could be expelled out from the monolayer at
high surface pressure under compression, which indicates that
the DNA molecules have to be adsorbed previously to the ODA
monolayer mediated by coulombic interactions. The plateau
observed at about 40 mN m�1 in our experiments, followed by
an increase of the surface pressure, seems to support this
hypothesis. However, the isotherm is only an indirect proof of
this phenomenon and coupled characterization techniques are
needed as will be shown later in this paper. In this sense, we
must put the accent on the fact that our previous BAM results do
not give any evidence of the observed phase transition, since the
high BAM reectivity at high pressures makes the images bril-
liant, homogeneous and contrastless.

The reversibility of the monolayer was also studied by
compression–decompression cycles. Little hysteresis was
observed when the target pressure is set below 20 mNm�1 (data
not shown) and can be due to the relaxation of the components
of the monolayer (DNA–ODA) or less probably, a loss of material
to the water subphase.9 Setting a target surface pressure of 50
mN m�1 leads to a larger hysteresis as shown in Fig. 2, but
surprisingly it is reversible. This also supports the previous
hypothesis, which indicates that DNA is squeezed out from the
monolayer. Moreover, these results suggest some additional
information: the interaction between ODA–DNA molecules is
dynamic. The presence of DNA in the monolayer leads to
a change in the prole of ODA isotherm, indicating an elec-
trostatic interaction between the two species, but this interac-
tion can be broken at high surface pressures and the DNA is
expelled out the monolayer. It must be pointed out that
studying the effect of the pH is limited by the denaturation of
DNA in basic solutions.26,27 In the decompression, DNA can be
electrostatically adsorbed into the monolayer again because of
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Surface pressure–area isotherm of ODA on a 7.86 mM DNA
solution in a compression–decompression cycle. The local minimum
of surface pressure is indicated with an arrow.

Fig. 3 Lateral compressibility (black line) and compressibility modulus
(red-dotted line) –surface pressure diagram for an ODA/DNA mixed
monolayer. The DNA concentration was 7.86 mM. All states and tran-
sition phases are labeled in the graph.
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its relaxation. Again, this effect will be seen more clearly in the
reection spectroscopy experiments.

B. Lateral compressibility

The lateral compressibility parameter Cs or the compressibility
modulus b¼ 1/Cs can be used to characterize the interactions of
charged biomolecules with a functionalized monolayer and
changes in the interfacial packing properties.24,28 The lateral
compressibility coefficient Cs can be directly calculated from
the pressure–area isotherm data obtained from the monolayer
compression using the following equation:28

Cs ¼ � 1

A

�
vA

vp

�
T

(1)

where A is the molecular area at the corresponding surface
pressure p. High Cs values correspond to a high interfacial
uidity. In our experiments, the compression of the monolayer
is performed at a sufficiently low rate (15 cm2 min�1) to ensure
that the system is always in a stationary state and the possible
relaxation processes in the monolayer can be neglected.16

Hence, at this compression rate and for insoluble monolayers,
the compressibility plotted in Fig. 3 by using expression (1),
provides generic information on the mechanical state of the
monolayer. In general, the compressibility decreases during
compression due to the transition phases occurring in the
monolayer. While compressibility is high at a gas phase, it
decreases at liquid and condensed states which means that is
more difficult to deform the monolayer. Also, peaks in the
compressibility diagram are due to transition phases, where the
compressibility increases as themolecules suffer reorganization
to a more condensed state. Aer the maximum, the condensed
state is completed and the compressibility decreases rapidly,
reaching values lower than in the previous phase. In our case,
two peaks can be distinguished in Fig. 3 at 15–20 mN m�1 and
38–40 mN m�1 respectively. The rst one corresponds to the
liquid expanded–liquid condensed transition, while the second
This journal is © The Royal Society of Chemistry 2017
one is attributed to the particular transition phase indicated
with an arrow in Fig. 2. We have labeled this transition with an
asterisk in the gure. At this surface pressure, a squeezing out
phenomenon of the DNA molecules from the ODA monolayer is
proposed. This expulsion produces a sudden decrease in
molecular density leading to a high increment in the lateral
compressibility until the original molecular packing is restored
under simultaneous compression. Similar results can be
extracted from the analysis of b, since the higher the value for b,
the lower the interfacial elasticity.
C. Reection spectroscopy at the air–water interface

Direct information about the presence of DNA molecules at the
air–water interface has been obtained by reection spectros-
copy.29 This technique has demonstrated to be a valuable tool to
recognize the molecular organization, density and orientation
of chromophore molecules located at the interface without the
inuence of those present in the bulk solution.30–32 Fig. 4A
shows the original spectra of an ODA/DNA monolayer (DNA
concentration 7.86 mm) at different surface areas and pressures
in a compression–decompression cycle. A reection peak was
found around 260 nm in all cases, a clear indicative of the
presence of DNA at the interface. This evidence conrms the
ability of ODA to retain the polynucleotides in the monolayer.
Reection spectra of pure ODA monolayers produced negligible
values (data not shown). As it can be observed, the measured
reection (DR) increases when the area per molecule is reduced,
and the opposite effect occurs when the monolayer is decom-
pressed. During the compression process, there is an increment
in molecular density as a consequence of the reduction of
surface area and therefore an increase in the spectra intensity is
normally expected. This also demonstrates that the DNA
molecules remain at the interface under compression. In the
same way, the decompression is accompanied by a decrease in
reection intensity. It should be pointed out that the shape of
the spectra does not change during compression, indicating
RSC Adv., 2017, 7, 5872–5879 | 5875
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Fig. 4 (A) Original reflection spectra of DNA adsorbed to an ODA
monolayer from a 7.86 mM solution in a compression–decompression
cycle from 60 to 15 Å2 per molecule. Surface pressure target was set to
50 mN m�1. Compression spectra are plotted in solid line and
decompression spectra in dashed line. The surface area for each
spectrum taken is labeled in the figure. Surface pressure changes in
compression and decompression are also shown. (B) Normalized DNA
spectra from those in (A).
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that not remarkable changes in the DNA conformation are
taking place.

In order to obtain further information from the spectra
under compression, the different contributions to the reection
intensity must be analyzed. For low values of absorption, the
reection DR observed under normal incidence of light is given
in a reasonable approximation by:29

DR ¼ 2:303� 103Gforient3
ffiffiffiffiffi
Ri

p
(2)

where G is the surface concentration in mol cm�2, Ri z 0.02 is
the reectivity of the air–water interface at normal incidence, 3
is the extinction coefficient of the chromophore given in units of
l mol�1 cm�1, and forient is a numerical factor that takes into
account the different average orientation of the chromophores
in solution as compared to the lm at the air–water interface. In
this case, the intrinsic nature of the DNA molecule leads to
a random orientation of the chromophores located in the
5876 | RSC Adv., 2017, 7, 5872–5879
nitrogenous bases and therefore the orientation factor remains
constant in relation to the solution. As a consequence, the only
contribution to the reection intensity is the surface concen-
tration. This means that the elimination of the surface density
contribution (known as normalization) under compression
should produce a set of spectra with constant intensity values if
all chromophores remain at the interface. In this study,
normalized spectra where obtained by multiplying the reec-
tion values DR by the corresponding surface area A of the
isotherm at which they were taken (DRnorm ¼ DRA). Fig. 4B
shows the normalized spectra corresponding to those repre-
sented in Fig. 4A. As it can be seen, the normalized intensity
remains constant until the critical zone of the isotherm is
reached (18–22 Å2 per molecule) where a clear decrease is
observed, i.e. when the second liquid–liquid transition phase is
reached and a minimum in the surface pressure was found in
the isotherm (as indicated in Fig. 2 by an arrow). This behavior
can be only explained by a loss of material toward the subphase
and strongly supports the hypothesis of the squeezing out of
DNA molecules from the monolayers. A possible explanation of
this removal can be a reorientation of the polar headgroups of
ODA molecules at high surface pressures.

Aer spreading the ODA molecules, the polynucleotide is
adsorbed to the monolayer driven by the electrostatic interac-
tion mediated by the positive charge of ODA molecules and the
negative charge of the phosphate groups of DNA. When the
monolayer is compressed, the molecular density increases
while the amount of adsorbed DNA remains constant. Corre-
spondingly, constant values of DRnorm are observed (Fig. 4B,
spectra taken from 20 to 33 Å2 per molecule). At sufficiently high
surface pressures, the ODA molecules are so densely packed
that the expelling phenomenon of the polynucleotide occurs.
This is reected in the normalized spectra as an abrupt fall in
DRnorm (Fig. 4B, spectra taken from 15 to 18 Å2 per molecule).
Moreover, it should be pointed out that when the squeezing out
of DNA is produced, not all the DNA molecules are expelled
since the detection of the polynucleotide is still possible
through reection, although the intensity decreases. This
suggests that DNA is still present in the monolayer but in a less
amount, or further enough from the monolayer to cause
a reduction in the normalized intensity.

The squeezing out mechanism is also supported by the
reversibility of the process. During the decompression phase,
the normalized reection recovers its original value (Fig. 4B,
decompression spectra) indicating that the expelled DNA
molecules return to the monolayer. This reversibility is also
better revealed by reection spectroscopy than in the isotherm,
with very similar values of reection at the same surface areas in
the compression and decompression phases respectively.
Additionally, this optical technique can be a powerful tool in
order to select the optimal transfer pressure for the deposition
in immobilization experiments (before or aer squeezing out in
our case).

A better picture of the changes in reection during the
compression and decompression processes and its contribution
to the clarication of the behavior observed in the surface
pressure–area isotherm can be obtained by plotting the DR
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27903a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 6
/1

3/
20

26
 1

2:
59

:2
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
value versus the corresponding surface area as shown in Fig. 5
and 6. Fig. 5 shows the maximum values of the original spectra
at the different surface areas during the compression and
decompression cycle. As expected, the maximum intensity
increases as the area per molecule is reduced. More surprisingly
is the almost total coincidence of the reection values for the
compression and the decompression processes at the same
surface area, directly conrming the reversibility of the system.
This means that the amount of DNA bound or adsorbed to the
monolayer is the same before and aer the compression at any
surface area. In surface pressure–area isotherms, the revers-
ibility of the compression–decompression needs to be demon-
strated by the absence of hysteresis and/or by performing
Fig. 5 Maximum reflection intensity of original spectra vs. the corre-
sponding area per molecule for an ODA/DNAmixedmonolayer during
the compression (squares) and decompression (triangles) processes.
DNA concentration was set to 7.86 mM.

Fig. 6 Maximum reflection intensity of normalized spectra vs. the
corresponding area per molecule for an ODA/DNA mixed monolayer
during the compression (squares) and decompression (triangles)
processes. DNA concentration was set to 7.86 mM.

This journal is © The Royal Society of Chemistry 2017
a second compression following the same path that the original
one. In our case, there is a strong hysteresis when the lm is
compressed up to 40 mNm�1 and the absence of collapse it not
demonstrated (see Fig. 2). However, these uncertainties are
directly unveiled when using reection spectroscopy since the
values obtained in the spectra at the same area are almost the
same in the compression and decompression processes. In
addition, Fig. 5 exhibits another signicant feature: it has
a similar shape as compared to the previous represented
isotherms, including the observed transition phases.

In the same way, Fig. 6 depicts the tendency of the maximum
intensity of the normalized spectra versus the corresponding
surface areas for a bulk concentration of 7.86 mM. As mentioned
before, the normalized intensity remains almost constant
during the compression (constant amount of adsorbed DNA)
until the decrease that clearly starts at areas of 22–20 Å2 per
molecule, where the squeezing out of the DNA begins at this
DNA concentration. In addition, the intensity value increases
again during the decompression, as it was observed in Fig. 4B.
Although this gure only shows a general tendency of normal-
ized spectra, the reversibility of the process is also demon-
strated in Fig. 6.
D. DNA concentration dependence

The inuence of the DNA bulk concentration on the ODA–DNA
interaction at the interface has been analyzed in terms of
adsorption equilibrium. It should be remarked that this
important information is hard to obtain from the isotherm
shapes alone. For this purpose, reection spectra were recorded
as a function of the DNA concentration in the subphase at
constant values of surface areas. Fig. 7 shows the maximum
reection DRmax at increasing DNA concentrations for an ODA
monolayer compressed to 60 Å2 per molecule. As can be seen,
the reection increases as the bulk concentration of the poly-
nucleotide is increased. At a constant value of surface area, the
reection is proportional to the number of adsorbed DNA
molecules as easily deduced from eqn (2). Therefore, the
Fig. 7 Langmuir adsorption plots for DNA solutions to the ODA
monolayer. Surface area 60 Å2 per ODA molecule.

RSC Adv., 2017, 7, 5872–5879 | 5877
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Fig. 8 Time evolution of the reflection at the peak maximum DRmax of
an ODA monolayer at 50 Å2 per molecule on a 7.86 mM DNA solution.
The fit to the second order adsorption model is denoted with a red
dotted line.
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number of polynucleotide units bound to the ODA monolayer
increases as its concentration in the subphase is increased. For
small concentrations, the adsorption capacity is already high
and sharply increases to reach a high value at a solution
concentration of around 5 mM. For concentrations as high as 8
mM, the lm starts to become saturated as it can be also inferred
in Fig. 2. A similar behavior was found for other surface areas,
with the saturation value following a tendency similar to that in
Fig. 7 corresponding to a DNA concentration of about 8 mM.

Further characterization of the DNA bulk concentration
dependence of the adsorption process can be obtained by
applying an isotherm adsorption model to the data points in
Fig. 7. The Langmuir adsorption isotherm33 has been success-
fully used to account for the adsorption of different types of
molecules either from gas or liquid media onto different
surfaces.34–36 The Langmuir adsorption isotherm can be
expressed by:

nads

Ns

¼ lc

1þ lc
(3)

where nads is the number of adsorbed molecules, Ns is the
number of adsorption sites available on the ODA surface, l is
a constant relating to the adsorption capacity of DNA and c is
the concentration of the DNA in solution. Rearrangement of
eqn (3) leads to the linear form of the Langmuir adsorption
isotherm. Assuming that DR is proportional to the number of
adsorbed DNA molecules (nads), a plot of c/DR versus c should
yield a straight line if the data points actually follow the Lang-
muir model. This plot has been added in Fig. 7. The straight line
obtained indicates that a Langmuir adsorption provides a good
description of the DNA–ODA interaction during the adsorption
process. According to the basic assumptions of the Langmuir
model, one can conclude the following features as characteris-
tics of the adsorption process: (i) the adsorption energy of all
DNA molecules incorporated into the monolayer is quite
similar; (ii) there is a limited number of adsorption sites in the
ODA monolayer; (iii) one of these sites, once occupied by
a molecule, cannot contribute to an additional incorporations
of DNA.
E. Adsorption kinetics

Reection spectroscopy has been also employed to study the
kinetics of the adsorption process. Fig. 8 shows the time
evolution of the maximum reection DRmax for an ODA/DNA
lm (7.86 mM) keeping a constant area of 50 Å2 per molecule.
This area is sufficiently high to maintain the ODA molecules in
a relaxed state so that the DNA inclusion is favored.9 As can be
observed, the adsorption process is characterized by an initial
fast increase in the reection followed by a slow growing of this
parameter until saturation is almost reached. The rst one ts
very well to an exponential growth. This indicates that the
probability of adsorption of a DNA molecule decreases expo-
nentially with the number of occupied adsorption sites (or
adsorbed DNA molecules) of the ODA monolayer. However, the
slow process can be attributed to a rearrangement or diffusion
of DNA in the mixed monolayer. We hypothesize here with
5878 | RSC Adv., 2017, 7, 5872–5879
a slow penetration of the polynucleotides into the ODA mono-
layer. This assumption is supported by the fact that the total
increment of intensity in the second part of the curve is very
similar to the reduction observed in Fig. 4B during the
squeezing out process proposed before. Aer the log-linear part
in Fig. 8, the normalized calculated reection (not shown)
slowly grows from 4.1 to 5.2 when the adsorption process rea-
ches saturation. Accordingly, the intensity in Fig. 4B decreased
from 5 to 4.2 during the expulsion of the DNA molecules.

According to the observed behavior, we have used a second
order kinetic model linearized in the form:

t

DRðtÞ ¼
1

k2DRN
2
þ 1

DRN

t (4)

with k2 the pseudosecond order adsorption rate and DRN the
saturation reection value. The result is plotted as dotted line in
Fig. 8 for the 7.86 mM solution in the whole time range
considered, with a regression coefficient r2 $ 0.97. Together
with the Langmuir tting, it implies that ODA exhibits a good
adsorption capacity but also an excellent surface functionality
for DNA adsorption and a mesostructure suitable for the
diffusive accessibility of the incoming DNA molecules to the R–
NH3

+ adsorption sites of the ODA moieties.
IV. Conclusions

Polynucleotides and lipids interactions have been traditionally
studied through Langmuir monolayers, which are considered
suitable models to mimic the physical and chemical interac-
tions at the membrane surface. However, these experiments are
an indirect demonstration of the presence of the polynucleotide
in the monolayer. In this paper, the complexation of ODA
monolayers and negatively charged DNA at the air–water
interface has been demonstrated by using UV-vis reection
This journal is © The Royal Society of Chemistry 2017
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spectroscopy coupled to a Langmuir trough. The results show
a large expansion in the surface pressure–area isotherm of ODA
and a reection peak at 260 nm, demonstrating the adsorption
of DNA to the lipid monolayer. A DNA squeezing out mecha-
nism at high surface pressures has been proposed from the p–A
isotherms and the large change observed in the lateral
compressibility curve. This process has been conrmed thanks
to normalization of the reection spectra under compression
with a clear reduction of this parameter at the corresponding
surface areas and pressures. Moreover, the reversibility of this
phenomenon during the decompression of the monolayer has
been also demonstrated by this technique, in contrast to the
isotherm where a large hysteresis effect is observed. The
intensity of the reection spectra has been proved to be a valu-
able tool in this study since it can be directly related to the
surface concentration of the adsorbed polynucleotide mole-
cules. In this sense, concentration dependence studies have
shown that the DNA incorporation follows the Langmuir
adsorption model. Moreover, the time evolution of the poly-
nucleotide adsorption follows a simple pseudosecond order
kinetics, with an initial fast solution-to-monolayer diffusion
followed by a slow penetration process that has been quanti-
tatively correlated to the opposite effect of expulsion observed at
high surface pressures.

In general, reection spectroscopy has not been found
before in the literature for this specic purpose, and it is
proposed in this study as a future powerful tool in order to
obtain further information about polynucleotide and phos-
pholipids interaction, which will help in the development of the
non-viral lipoplexes vectors.
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