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This communication reports the adsorption of DNA to the preformed Langmuir monolayer of cationic surfactant
Octadecylamine (ODA) at the air–water interface and thereby formation of ODA/DNA complexmonolayer at the
interface. Effect of concentration of DNA in the subphase as well as subphase pH on the adsorption of DNA onto
ODA monolayer assemblies have been studied by monitoring the change in surface pressure of ODA/DNA com-
plex monolayer as a function of time. The complex monolayer was also transferred onto solid substrate to pre-
pare ODA/DNA Langmuir–Blodgett films which were analyzed by UV–vis absorption, ATR–FTIR spectroscopic
techniques. The most significant observations is that the extent of interactions between ODA and DNA at the
air–water interface increases with increasing concentration of DNA in the subphase and also subphase pH. At
higher pH, hydrophobic interaction dominates over electrostatic interaction between DNA and ODA in the aque-
ous subphase. DNA immobilized in the backbone of ODA lies almost flat or extended onto solid substrate at neu-
tral pH whereas, they lie aggregated and compacted coil rather than flat when adsorbed from high pH namely,
11.5 of the subphase. This was confirmed by atomic force microscopy of these complex LB films onto solid
substrate.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Deoxyribonucleic acid (DNA) is well-known as a source of biological
information depending on its base sequences. DNA is also interesting as
a material that exists as double helical rodlike molecules consisting of
base-pair (bp) stacking. Rod-like polymers such as polyglutamate
[1–3] polysiloxane [4], alkylated cellulose, [5] and discotic crystals [6]
have been reported to form Langmuir–Blodgett (LB) films in which
rod-likemolecules aligned in one directionduring the compression pro-
cess on the subphase [7,8] or the deposition process of monolayers [9].
DNA is a good candidate to formanoriented Langmuirmonolayerwhen
adsorbed from an aqueous subphase to the oppositely charged surfac-
tant monolayer at the air–water interface.

Monolayers of charged surfactant molecules at the air–water inter-
face (Langmuir monolayers) have long been acknowledged to be the
excellent media for the organization of large inorganic ions [10,11], col-
loidal nanoparticles [12], phospholipids [13]and biomacromolecules
such as proteins/enzymes [14,15] and in the growth of oriented crystals
[16]. The interaction of DNA with Langmuir monolayers has received
considerable attention with a view to understand templated supramo-
lecular organization as well as the transfer of DNA across biological
bilayermembranes in gene therapy in cancer, VIH, Ebola or heart infarc-
tion [17–19]. Moreover, anchoring of DNA in a Langmuir–Blodgett film
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has made possible in its immobilization [20–22] and construction of
DNA chip [23]. Studies on DNA immobilization at the air–water inter-
face have hitherto concentrated on electrostatic complexation between
DNA molecules with cationic surfactant Langmuir monolayers and
hydrogen bonding between alkylated monolayer-forming nucleobases
and complementary water-soluble bases and oligonucleotides. This
electrostatic complexation between DNA and cationic surfactant some-
times very much sensitive to the different microenvironment from
which it is adsorbed. There are some previous reports on the immobili-
zation of DNA onto Langmuir monolayers onto hydrophilic solid
substrate [24,25]. However the effect of subphase pH on the complexa-
tion of DNA and cationic surfactant is still not extensively studied. It is
already believed that DNA-surfactant complexation is a non-viral
method of gene delivery into the cell [26]. DNA immobilized onto
solid substrates may have profound implication with respects to its
biological functionalities and protein or enzymatic recognition [27,28].
In this present paper, the interaction mechanism of DNA on to the
preformed Langmuir monolayer of cationic Octadecylamine (ODA) at
the air–water interface as a function of various parameters like concen-
trations, pH of the subphase etc. and the successful transfer of the resul-
tant complex Langmuir monolayer onto solid support have been
demonstrated. pH of the medium can play important role for different
headgroup interactions of surfactant in an aqueous subphase and can
cause compaction or condensation of nucleotides while complexation
with surfactant [29]. Adsorption of DNA onto ODA monolayer has
been studied by monitoring the surface pressure (in mN/m) of the
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complex monolayer as a function of time elapsed. Fourier Transform
Infrared Spectroscopy in Attenuated Total Reflection mode reveals
the complexation of DNA with ODA in mixed monolayer deposited
onto single crystal ZnSe substrate. Presence of DNA molecules in the
ODA/DNA LB films onto quartz substrates was further confirmed by
UV–vis absorption spectroscopic results. The morphology of ODA/DNA
complex LB films have been investigated by atomic force microscopy.
2. Materials and methods

Herring sperm sheared DNA (size nearly 2000 bp with approximate
GC content 41.2%) was purchased from SRL India and was used as re-
ceived. The purity of DNA was checked by UV–vis absorption and
fluorescence spectroscopy before use. ODA (purity N 99%) was obtained
from Aldrich Chemical Company, USA and was used without further
purification. The molecular structure of DNA and ODA are shown
in Fig. 1(a) and (b) respectively. Triple distilled deionized water
(18.2 M Ω cm) was prepared using Millipore water purification system
and used as the subphase for the complex Langmuirmonolayer. Spectro-
scopic grade chloroform (SRL, India) was used as solvent for preparing
ODA solution and its purity was checked by fluorescence spectroscopy
before use. Langmuir–Blodgett (LB) film deposition instrument
(LB2000C, Apex Instruments, India) has been used to study the adsorp-
tion isotherm of DNA onto preformed ODA monolayer in the Langmuir
troughwhich is made of high quality Teflon to ensure complete removal
of any organic contaminants. The upper surface of the trough is designed
in such a way a single barrier can slide horizontally on the subphase sur-
face. Effective working area of the trough is 30 cm × 15 cm = 450 cm2.
Depth of the dipping well of the trough is 10 cm. Maximum subphase
volume in the trough is 1153.5 cc. Surface pressure of ODA/DNA com-
plex monolayer at the air–water interface was monitored using a
Wilhelmyplate attached to amicrobalance,whose outputwas interfaced
to a microcomputer which controls the movement of the barrier. pH of
the subphase having DNA molecules was adjusted by using suitable
amount of 0.5 MNaOH solution and the pHwasmeasured by a high pre-
cession digital pH meter (Model 335, Make: Systronics, India).

Properly cleaned Langmuir trough was filled with triple distilled
deionized water. The surface of water in the trough was cleaned by a
suctioned pump so that the surface pressure attains some negative
Fig. 1. (a)molecular structure of DNA (b)molecular structure of ODA (c) Schematic representat
monolayer.
value. Appropriate amount of chloroform solution of ODA (concentra-
tion of 0.5 mg/ml) was spread by amicrosyringe onto the air–water in-
terface keeping the barrier fixed. After a delay of 15 min, to evaporate
the solvent, ODA film at air–water interface was compressed slowly at
2 × 10−3 nm2 mol−1 s−1 to record the surface pressure–area permol-
ecule isotherm. When a desired surface pressure (0 mN/m) was
achieved, DNA aqueous solution (concentration of 0.5 mg/ml) was
spread on the water of the LB trough from the backside of the barrier
as schematically shown in Fig. 1(c) and the corresponding increase in
surface pressure with time was recorded. ODA/DNA mixed LB films
were deposited onto quartz, ZnSe and hydrophilic Si substrates. These
substrates were thoroughly cleaned by ultra-sonication for 15 min in a
mixture (1:1) of isopropyl alcohol and acetone following rinsing by de-
ionized water. The substrates were then dried under blowing N2 gas.
UV–vis absorption spectroscopic studies were performed by Perkin
Elmer Lambda 25 UV–vis spectrophotometer. For ATR–FTIR spec-
troscopy of the LB films, the ODA/DNA complex Langmuir monolayer
was deposited onto ZnSe single crystal. FTIR spectrophotometer
(Spectrum-100, Perkin Elmer) was used for the ATR–FTIR measure-
ment. atomic force microscopy of LB films was performed in air
with a commercial AFM (Inova AFM System, Bruker) using silicon can-
tilevers with sharp, high apex ratio tip (Ultralevers, Vecco Instruments)
of phosphorous ( resistivity 1–10 Ω-cm, frequency 240–308 kHz,
spring constant 20–80 N/m, with backside Al coating of thickness
50 ± 10 nm). The AFM images presented in this article were obtained
in intermittent-contact (tapping) mode. Hydrophilic Si substrates
were used for monolayer deposition for AFM measurement.
3. Results and discussions

3.1. Adsorption isotherm of ODA–DNA complex monolayer at the air–water
interface

To observe the adsorption of DNA molecules on to the oppositely
charged ODA monolayer at the air–water interface, Langmuir–Blodgett
film deposition instrument was used. The subphase surface was initially
cleaned by sucking the impurities in such a high precession so that a
negative surface pressure exists. Under this condition about 150 μl of
ODA (concentration of 0.5 mg/ml) was spread onto the water surface of
ion of spreading of DNA solution to LB trough and thereby formation of ODA–DNA complex
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LB trough and then 15 min timewas allowed to evaporate the solvent be-
fore itwas compressed to a desired surface pressure (0 mN/m) at the air–
water interface. It has been observed that the surface pressure remains
fixed for more than 500 min after attaining this desired surface pressure
in absence of DNA (figure not shown). After attaining 0 mN/m surface
pressure, the barrier was kept fixed and various amount (500, 1000,
2000 and 4000 μl) of DNA aqueous solution (concentration 0.5 mg/ml)
were injected into the subphase slowly from the backside of the barrier
as schematically shown in Fig. 1(c). Considering the total subphase
volume, the concentrations of DNA in the subphase are calculated as
0.21633 microgrm/ml, 0.43308 microgram/ml, 0.86542 microgram/ml
and 1.7278 microgram/ml for each case respectively. Therefore, the ratios
of ODA and DNA in the subphase became 3:10, 3:20, 3:40 and 3:80 re-
spectively for each case. Since DNA is water soluble, initially it's diffusion
in the stationary subphase was slow. That is some DNA molecules
contacted theODAmonolayerfirst as one side,whichwasnear the barrier
and then diffused to other side in the trough slowly. Fig. 2(a) shows the
change in surface pressure for the formation of ODA/DNA complex LB
monolayer at air–water interface at fixed subphase pH of 11. pH 11 was
considered here as the interaction betweenODAandDNAbecomes larger
as discussed later. From this figure it is observed that the surface pressure
of the ODA monolayer increases with the time elapsed after spreading
DNA onto the subphase.

AlthoughDNA iswater soluble, ODA/DNAcomplex iswater insoluble.
It is also evident that the area per molecule of this complex is greater
than ODA area per molecule at a particular time [30]. However as the
barrier was kept fixed, area per molecule of the monolayer could not
be increased, and as a consequence, surface pressure began to rise and
with increasing time the surface pressure showed a gradual increase
which was an indication of adsorption of DNA to ODA monolayer and
thereby formation of stable ODA/DNA complex Langmuir monolayer at
the air–water interface. The rate of adsorption also increases with the
concentration of DNA in the subphase. This indicates the availability of
more number of DNA molecules in the subphase to interact with ODA
monolayer by hydrophobic and electrostatic interaction. However, at
pH 11, hydrophobic interaction between DNA sugar bases and ODA
hydrophobic species dominates over electrostatic interaction as pKa of
ODA is ~10.65 [31]. DNA is a kind of polyelectrolyte in the aqueous solu-
tion. In general, the entrapment of DNA molecules from subphase into
ODA Langmuir monolayer is driven by electrostatic interaction between
the negatively charged DNA and cationic ODA molecules at neutral pH
(i.e. 7) i.e. the interaction between the negatively charged phosphate
Fig. 2. (a) Surface pressure versus time plot of complex ODA/DNA monolayer for various DN
spreads onto subphase surface was 150 μl (b) Surface pressure versus time plot of complex O
subphase were 150 μl and 4000 μl respectively. Concentration of DNA aqueous solution was 0
(PO4-) ion and positively charged amine (NH3
+) group of ODA at the

air–water interface.
Fig. 2(b) shows the surface pressure versus time elapsed plot of

ODA/DNA complex LBmonolayer at the air–water interface for different
pHvalues (namely, 7, 8, 9.5 and 11) of the subphase. From thefigure it is
observed that the rate of adsorption of DNAmolecules to the preformed
ODA monolayer increases with increasing pH of the aqueous subphase.
Near the neutral pH (i.e. 7), the interaction between DNA with ODA
headgroups are mostly electrostatic and there is always an exchange
of DNA molecules between the monolayer headgroups and the bulk
water subphase. Therefore, it is also possible to suggest that electrostat-
ic interactions provide a dynamic attachment of DNA to the monolayer
[32] and so the rate of DNA adsorption was less at around pH 7 in the
present study. However, at higher pH, the H-bond between the sugar
bases of DNA becomes weaker and tries to separate the two strands of
DNA [33]. At such higher values of subphase pH, there are more
hydroxyl ions which also try to disrupt the H-bonds between the DNA
base pairs. Additionally, ODA molecules lose their positive charges in
this pH as pKa value of ODA is about 10.65 [31] and only few ODA mol-
ecules exist as protonated cationic species. Thismeansweaker repulsive
interaction in ODA monolayer at pH around 11. In this situation hydro-
phobic interaction between sugar bases of DNA and hydrophobic part of
ODA dominates over the electrostatic interaction thereby causing ag-
gregation of DNA in ODA/DNA complex LB monolayer [34]. Therefore
the increase in surface pressure at higher pH of 11 is mainly due to
the hydrophobic interaction between DNA and ODAmolecules. It is im-
portant tomention that the isoelectric point of DNA is about 5 and DNA
molecules are negatively charged due to phosphate groups when pH is
above the isoelectric point [35,36]. Below the isoelectric point DNA
loses the negative charges in their phosphate groups and so pH 7 was
considered as the initial subphase pH in this present experiment.

3.2. UV–vis absorption spectroscopy

The UV–vis absorption spectroscopy is an important tool to deter-
mine whether there is any π–π stacking occurs within DNA. Fig. 3(a)
shows the UV–vis absorption spectra of DNA aqueous solution along
with pure bulk DNA sample deposited onto quartz substrates. From the
figure it is observed that DNA double helix in aqueous solution has a spe-
cific absorption band from 220–300 nm and a λmax at about 262 nm
which is the characteristics of DNA absorption and is attributed to the
π–π⁎ transition of nucleic acid bases of DNA [37]. The corresponding
A concentration at the subphase (fixed pH = 11). Volume of ODA solution (0.5 mg/ml)
DA/DNA monolayer for different pH of subphase. Volume of ODA and DNA spreads onto
.5 mg/ml.

image of Fig.�2
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transition dipole moments lie along the short axis of base pair [38]. On
the other hand, bulk sample of pure DNA onto quartz substrate gives
somewhat broadened absorption profile with similar band pattern,
only the peak position has been shifted to 270 nm.

The nucleic acid bases A and T are the strong UV chromophores and
functional groups involved in H-bonding are part of chromophoric π
electron system. For absorption spectrum of DNA in their bulk solid
phase, the observed bathochromic shift is definitely due to the different
π–π stacking structure as the closer association of several DNA strands
and this also corresponds to the change in their π–π⁎ transition
[39,40]. Additionally, the spectral broadening is due to the change in
H-bonding interaction and interchromophoric coupling [41] which cor-
responds to the hypochromic effect of DNA in their bulk solid phase
when compared to the ssDNAwhere hyperchromic effect (DNA absorbs
more UV energy) is observed. A. Bhowmik et.al. [42] reported that sev-
eral DNA strands overlap together to form bundles on the surface of the
Langmuir–Blodgett films.

Fig. 3(b) shows the UV–vis absorption spectra of 10 bilayered
ODA/DNA LB films lifted from the subphase having two different
pH namely 6.8 and 11.5 and at a surface pressure of 20 mN/m.
ODA/DNA LB films lifted from pH 6.8 show similar absorption band
profile having almost identical peak position (262 nm) but only the
change in their intensity distribution when compared to DNA solu-
tion or bulk sample absorption spectra. This certainly indicates that
DNA molecules from the subphase interacted with preformed ODA
Langmuir monolayer at the air–subphase interface and ODA/DNA
complex monolayer was successfully transferred onto quartz sub-
strates at that particular subphase pH. But for the film prepared
with subphase pH 11.5, the absorbance intensity decreases abruptly.
As mentioned earlier that at such high pH, the subphase having DNA
molecules is rich in hydroxide ions, and these negatively-charged
ions can pull off the hydrogen ions of molecules from the base pairs
in DNA. This process disrupts the H-bonding that holds the two
DNA strands together, causing them to separate from each other
and DNA molecules were denatured and have random coil confor-
mation [43]. Additionally most of the ODA molecules at such higher
pH lose their protonated form (as pKa ~10.65) [31] thereby causing
enhanced hydrophobic interaction between ODA and hydrophobic
sugar bases of DNA. These interactions are stronger and more specif-
ic than electrostatic ones [44]. As a result, ssDNA had compacted or
aggregated random coil like or globular shaped conformation [45]
in ODA/DNA complex LB monolayer which were then immobilized
onto quartz or Si substrates at 20 mN/m. Although ssDNA absorbs
more UV energy than dsDNA (hyperchromic effect) [46], in our
Fig. 3. (a) UV–vis absorption spectra of pureDNA aqueous solution andDNA bulk solid phase (b)
and 11.5 (curve ii).
present study, UV absorption of ssDNA/ODA LB film decreases due
to randomness and compactness of ODA/DNA complex assemblies.
Because the magnitude of the resultant transition dipole moment
of the assembly of ssDNA molecules in the backbone of ODA was
sufficiently decreased in ODA/DNA LB films lifted at pH 11.5 and is
manifested as abrupt fall of intensity of absorption peak around
262 nm as shown in Fig. 3(b). In one of our earlier works we have
observed similar decrease in absorbance when ssDNA after thermal
denaturation adsorbed onto ultrathin films of some polyelectrolyte
[47]. The absorbance remains unaltered even after several days of
fabricating ODA/DNA LB films. This indicates that stable ssDNA
molecules have been successfully immobilized onto LB films.

3.3. FTIR spectroscopy

Fig. 4 shows the FTIR spectra of pureODAandDNA inKBr pellets and
also the ATR–FTIR spectrum (bottom image) of 10 layer of ODA–DNA
complex LB film deposited onto ZnSe single crystal substrate for
subphase pH of 7 and at a fixed surface pressure of 20 mN/m. The trans-
fer ratio of the monolayer to the substrate was fixed around 0.98 by
keeping the fixed surface pressure of the complex monolayer. DNA,
being a complex molecule, bears a wealth of vibrational modes, and
their disentanglement is not easy in some spectral region [47]. From fig-
ure we observe that pure DNA shows several distinct vibrational modes
whose peaks are centered at 1064, 1216, 1380 and 1686 cm−1. The IR
bands in the 1500–1800 cm−1 region originating to nucleobase vibra-
tions appear which are extremely sensitive to base stacking and base
pairing interactions. These bandsmainly originate from in-plane double
bond base vibrations, which include C_C, C_N and C_O stretching
[48]. On the other hand, bands in the 1500–1250 cm−1 region, vibra-
tional coupling between the base–sugar entities give rise to nucleoside
specific information, reflecting glycosidic bond rotation, backbone con-
formation and sugar pucker. In the 1250–1000 cm−1 region, vibrations
along the sugar–phosphate chain give rise to strongmarkers of backbone
conformation. In the 1000–800 cm−1 region, sugar–sugar–phosphate
vibrations result in reliable markers for the various sugar puckering
modes. The FTIR spectra of ODA in KBr show strong prominent bands
at 2847 and 2920 cm−1. These two bands are the diagnostic bands of
ODA and identified as themethylene (CH2) antisymmetric and symmet-
ric stretching vibrations from the hydrocarbon chains of ODA [49,50].

Fig. 4 (bottom image) also shows the ATR–FTIR spectrum of
ODA/DNA complex LB monolayer deposited onto ZnSe substrate. The
complex LB monolayer film shows several band systems in the
800–3000 cm−1 region. Interestingly the intensity of IR bands of DNA
UV–vis absorption spectra of ODA/DNA LB films lifted form the subphase of pH 6.8 (curve i)

image of Fig.�3


Fig. 4. FTIR spectra of pure DNA (top left), pure ODA (top right) and ATR–FTIR spectrum of
ODA/DNA (bottom) complex LB film.
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was sufficiently reduced in the mixed monolayer. Additionally the ob-
served slight shifts of the two IR bands position (2843 and 2896 cm−1)
of ODA in the ODA/DNA complex LB monolayer film deposited onto
ZnSe substrate are due to the electrostatic complexation between the
hydrophilic parts of positively charged ODA and negatively charged
phosphate group of DNA molecules. Although electrostatic interaction
plays major role in binding DNA with cationic ODA at the air–water in-
terface, some kind of hydrophobic interactions are also prone to appear
between hydrophobic species of ODA and hydrophobic domain of DNA
sugar bases [32].
3.4. Atomic force microscopy

Atomic force microscopy is now a reliable and viable method for
understanding surface morphology including roughness and thickness
nano-dimentional film of various biological and other materials onto
solid substrate [51–53]. Fig. 5(a) and (b) shows the atomic force
Fig. 5. AFM topographic images of (a) Clean Si substrate (b) ODAmonolayer onto Si substrate
ODA/DNA LB film deposited at pH 6.8, 9.2 and 11.5 respectively. Surface pressure was 20 mN/
micrographs of cleaned hydrophilic silicon substrate and pure ODA
monolayer onto the substrate respectively whereas 5(c), 5(d) and
5(e) show the AFM topographic images of ODA/DNA complex LB film
(one layer) onto hydrophilic Si substrates deposited at different surface
pH namely 6.8, 9.2, and 11.5 respectively at a fixed surface pressure of
20 mN/m. Height profile analysis of these AFM topographic images is
described in Table 1. From the analysis it is observed that the RMS
roughness (Rq), average roughness (Ra) and maximum peak to valley
(Rp-v) height were increased for ODA/DNA LB films deposited at
various pH when compared to those of cleaned Si substrate and ODA
monolayer onto the substrate. However the average height for
ODA/DNA LB films deposited at pH 6.8 and 9.2 are almost similar
showing similar surface morphology (as average height becomes
1.5 nm in both the cases). Interestingly at higher surface pH (11.5)
ODA/DNA complex LB film shows aggregated and compacted mor-
phology with a maximum peak to valley height of 20 nm. From this
observation it can be concluded that at pH 6.8 DNA molecules can
lie flat or extended conformation in the complex ODA/DNA LB films
onto the substrate. On the other hand for pH 11.5 there is enhanced
hydrophobic interaction between the hydrophobic sugar bases of
DNA and ODA hydrophobic species in the complex monolayer. As a
result aggregation and compactness of DNA occur in the monolayer,
which is reflected as the increasing roughness and average height of
ODA/DNA LB films at such higher pH. Additionally at this higher pH,
due to alkaline denaturation, ssDNA had compacted random coil like
or globular shaped conformation in the backbone of ODA molecules
thereby decrease in UV absorption of complex ODA/DNA LB films de-
posited at pH 11.5. These observations suggest that DNA molecules
in ODA/DNA LB films cannot lie flat or extended conformation onto
the solid substrate at extremely higher pH.
4. Conclusions

In conclusion our results show that anionic polynucleotide DNA and
cationic surfactant ODA can form stable complex Langmuir monolayer
at the air–water interface. The adsorption of DNA on to the preformed
ODAmonolayer was confirmed by the rise in surface pressure as a func-
tion of time after spreading DNA aqueous solution into the subphase of
Langmuir trough while keeping the barrier fixed. Near the neutral pH,
the entrapment of DNA molecules from subphase into ODA Langmuir
deposited at 20 mN/m surface pressure. (c), (d), (e): AFM topographic images of 1 bilayer
m.

image of Fig.�4
image of Fig.�5


Fig. 5 (continued).
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monolayer is mostly driven by electrostatic interaction between the
DNA and ODA molecules. The extent of interaction was found to be de-
pendent on concentration and pH of the subphase containing DNA. Hy-
drophobic interaction dominates over electrostatic interaction between
DNA and ODA in themonolayer with increasing subphase pH. At higher
pH aggregates of DNAwas formed in theODA/DNA complexmonolayer.
The complex monolayer was successfully and repeatedly transferred
onto quartz substrates to getmultilayeredODA/DNA LB films. UV–visible
absorption spectroscopic studies also confirm the presence of DNA
molecules in complex LB films deposited at both neutral and higher pH
(namely 11.5) of the subphase. Interestingly, at pH 11.5 the absence
of 262 nm band of DNA was possibly due to the random coil or globular
shaped conformation of DNA in LBfilms. FTIR andATR–FTIR spectroscop-
ic measurements reveal the presence of DNA in ODA/DNA complex
Table 1
Table for showing AFM topographic analysis of clean Si substrate, ODA monolayer, ODA/DNA L

Clean Si substrate ODA monolayer
onto Si substrate

RMS roughness(Rq) 0.0419 nm 0.425 nm
Average roughness(Ra) 0.030 nm 0.393 nm
Maximum peak to valley height(Rp-v) 0.5 nm 1.5 nm
monolayer and LB films. The IR bands of both DNA andODAwere greatly
influenced by the electrostatic complexation between ODA and DNA.
AFM images of ODA/DNA complex LB films deposited at various pH
give the clear surface morphology and formation of DNA aggregates
especially at pH 11.5. At neutral pHDNA liesflat or extended in the back-
bone of ODA whereas at high pH such as 11.5 they do not lie flat as
confirmed by height profile analysis of AFM images.

Acknowledgments

Dr. P. K. Paul is grateful to UGC, Govt. of India for financial support
through UGC Minor Research Project (Ref. No. 39-983/2010(SR)).
Authors are also grateful to Jadavpur University and Tripura University
for providing excellent infrastructural and instrumental facilities. The
B films deposited onto Si substrate for various subphase pH.

ODA/DNA LB film
deposited at pH 6.8

ODA/DNA LB film
deposited at pH 9.2

ODA/DNA LB film
deposited at pH 11.5

0.7964 nm 0.8763 nm 3.9839 nm
0.61 nm 0.7041 nm 3.301 nm
3.10 nm 3.25 nm 20 nm



130 C. Hansda et al. / Surface Science 617 (2013) 124–130
author SAH is grateful to DST CSIR and DAE for financial support to carry
out this researchwork through DST Fast – Track project Ref. No. SE/FTP/
PS-54/2007, CSIR project Ref. 03(1146)/09/EMR-II and DAE Young
Scientist Research Award (No. 2009/20/37/8/BRNS/3328).

References

[1] V.V. Tsukruk, M.D. Foster, D.H. Reneker, A. Schmidt, W. Knoll, Langmuir 9 (1993)
3538.

[2] V. Ramakrishman, M. D'Costa, K.N. Ganesh, M. Sastry, Langmuir 18 (2002) 6307.
[3] M. Sastry, V. Ramakrishman, M. Pattarkine, K.N. Ganesh, J. Phys. Chem. B 105 (2001)

4409.
[4] P.J.W. Stone, A.L. Rhoden, L.S. Miller, D.J. Walton, A.M. McRoberts, J. Heptinstall, Thin

Solid Films 244 (1994) 1012.
[5] G.L. Gaines Jr., Langmuir 7 (1991) 834.
[6] O. Karthaus, H. Ringsdorf, V.V. Tsukruk, J.H. Wendorff, Langmuir 8 (1992) 2279.
[7] B.R. Malcom, Adv. Chem. 145 (1975) 338.
[8] R. Jones, R.H. Tredgold, J. Phys. D: Appl. Phys. 21 (1988) 449.
[9] S. Schwiegk, T. Vahlenkamp, Y. Xu, G. Wegner, Macromolecules 25 (1992) 2513.

[10] P. Ganguly, D.V. Paranjape, M. Sastry, J. Am. Chem. Soc. 115 (1993) 793.
[11] M. Clemente-Leon, C. Mingotaud, B. Agricole, C.J. Gomez-Garcia, E. Coronado, P.

Delhaes, Angew. Chem. Int. Ed. Engl. 36 (1997) 1114.
[12] S. Dai, X. Zhang, Z. Du, Y. Huang, H. Dang, Colloids Surf. B: Biointerfaces 42 (2005) 21.
[13] T.D. Osborn, P. Yager, Biophys. J. 68 (1995) 1364.
[14] P.A. Gunning, A.R. Mackie, A.P. Gunning, N.C. Woodward, P.J. Wilde, V.J. Morris,

Biomacromolecules 5 (2004) 984.
[15] A.P. Girard-Egrot, S. Godoy, L.J. Blum, Adv. Colloid Interf. Sci. 116 (2005) 205.
[16] B.R. Heywood, S. Mann, Adv. Mater. 4 (1992) 278.
[17] E. Uhlmann, A. Peyman, Chem. Rev. 90 (1990) 543.
[18] R.A. Olie, A.P. Simões-Wüst, B. Baumann, S.H. Leech, D. Fabbro, R.A. Stahel, U.

Zangemeister-Wittke, Cancer Res. 60 (2000) 2805.
[19] W.M. Galbraith, W.C. Hobson, P.C. Giclas, P.J. Schechter, S. Agrawal, Antisense Res.

Dev. 4 (3) (1994) 201.
[20] Y. Ebara, K. Mizutani, Y. Okahata, Langmuir 16 (2000) 2416.
[21] V. Erokhin, B. Popov, B. Samori, A. Yakovlev, Mol. Cryst. Liq. Cryst. 215 (1992) 213.
[22] C. Nicolini, V. Erokhin, P. Facci, S. Guerzoni, A. Ross, P. Paschkevitsch, Biosens.

Bioelectron. 12 (1997) 613.
[23] A. Csáki, G. Maubach, D. Born, J. Reichert, W. Fritzsche, Single Mol. 3 (2002) 275.
[24] A. Mougin, V.G. Babak, F. Palmino, E. Bêche, F. Baros, D.J. Hunting, L. Sanche, M.
Fromm, Surf. Sci. 602 (2008) 142.

[25] A. Pal, B.K. Mishra, S. Panigrahi, R.K. Nath, S. Deb, J. Macromol. Sci. Part A Pure Appl.
Chem. 49 (2012) 160.

[26] M.A. Mintzer, E.E. Simanek, Chem. Rev. 109 (2009) 259.
[27] E. Southern, K. Mir, M. Shchepinov, Nat. Genet. 21 (1999) 5.
[28] S.P.A. Fodor, Science 277 (1997) 393.
[29] S. Marchetti, G. Onori, C. Cametti, J. Phys. Chem. B 109 (2005) 3676.
[30] S. Dai, X. Zhang, Z. Du, H. Dang, Mater. Lett. 59 (2005) 423.
[31] T. Lopes-Costa, F. Gámez, S. Lago, J.M. Pedrosa, J. Colloid Interface Sci. 354 (2011) 733.
[32] S. Erokhina, T. Berzina, L. Cristofolini, O. Konovalov, V. Erokhin,M.P. Fontana, Langmuir

23 (2007) 4414.
[33] M. Ageno, E. Dore, C. Frontali, Biophys. J. 9 (1969) 1281.
[34] R.S. Dias, B. Lindman, DNA Interactions with Polymer and Surfactants, Wiley & Sons

Inc., USA, 2008.
[35] P. Cai, Q. Huang,D. Jiang, X. Rong,W. Liang, Colloids Surf. B: Biointerfaces 49 (2006) 49.
[36] D.O. Jordan, The Physical Properties of Nucleic Acids, in: E. Chargaff, J.N. Davidson

(Eds.), The Nucleic Acids, Academic Press, New York, 1955.
[37] N. Higashi, T. Inoue, M. Niwa, Chem. Commun. (1997) 1507.
[38] H.M. Wu, N. Dattagupta, D.M. Crothers, Proc. Natl. Acad. Sci. U. S. A.: Biochem. 78

(1981) 6808.
[39] J.F. Lutz, A.F. Thu1nemann, K. Rurack, Macromolecules 38 (2005) 8124.
[40] T.A. Wesolowski, J. Am. Chem. Soc. 126 (2004) 11444.
[41] K.E. van Holde, Physical Biochemistry, Prentice Hall, Englewood Cliffs, NJ, 1971. 168.
[42] A. Bhaumik, M. Ramakanth, L.K. Brar, A.K. Raychaudhuri, F. Rondelez, D. Chatterji,

Langmuir 20 (2004) 5891.
[43] T. Liedl, F.C. Simmel, Nano Lett. 5 (2005) 1894.
[44] N. Schmid, J.P. Behr, Biochemistry 30 (1991) 4357.
[45] R.S. Dias, J. Innerlohinger, O. Glatter, M.G. Miguel, B. Lindman, J. Phys. Chem. B 109

(2005) 10458.
[46] M. Ageno, E. Dore, C. Frontali, Biopolymers 9 (1970) 116.
[47] S.A. Hussain, P.K. Paul, D. Dey, D. Bhattacharjee, S. Sinha, Chem. Phys. Lett. 450

(2007) 49.
[48] M. Banyay, M. Sarkar, A. Graslund, Biophys. Chem. 104 (2003) 477.
[49] A. Kumar, H. Joshi, R. Pasricha, A.B. Mandale, M. Sastry, J. Colloid Interface Sci. 264

(2003) 396.
[50] R.H.A. Ras, C.T. Johnston, R.A. Schoonheydt, Chem. Commun. (2005) 4095.
[51] A.M.O. Brett, A.M. Chiorcea, Langmuir 19 (2003) 3830.
[52] T. Komeda, K. Namba, Y. Nishioka, Appl. Phys. Lett. 70 (1997) 3398.
[53] R.A. McAloney, M. Sinyor, V. Dudnik, M.C. Goh, Langmuir 17 (2001) 6655.

http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0005
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0005
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0010
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0015
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0015
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0020
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0020
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0025
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0030
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0035
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0040
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0045
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0050
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0055
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0055
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0060
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0065
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0070
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0070
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0075
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0080
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0085
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0215
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0215
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0220
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0220
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0090
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0095
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0225
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0225
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0100
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0230
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0230
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0235
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0235
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0110
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0115
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0120
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0240
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0130
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0245
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0250
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0250
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0140
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0255
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0255
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0260
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0265
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0265
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0270
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0275
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0275
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0280
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0155
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0285
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0160
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0160
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0165
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0170
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0290
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0290
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0180
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0185
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0185
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0190
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0295
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0295
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0300
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0200
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0205
http://refhub.elsevier.com/S0039-6028(13)00204-5/rf0210

	Adsorption behavior of DNA onto a cationic surfactant monolayer at the air–water interface
	1. Introduction
	2. Materials and methods
	3. Results and discussions
	3.1. Adsorption isotherm of ODA–DNA complex monolayer at the air–water interface
	3.2. UV–vis absorption spectroscopy
	3.3. FTIR spectroscopy
	3.4. Atomic force microscopy

	4. Conclusions
	Acknowledgments
	References


