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The proximate aim of this review is to investigate the
specific interaction between two macromolecules, either
two complementary strands of DNA or the binding of
DNA with a protein. Although a lot of experiments
have been done to address these issues, our aim here is
different. We either create a dense brush of DNA chains
at the air-water interface or orient a large protein,
like RNA polymerase, such that they are amenable for
specific interaction at the surface. The advantage of
our system is that the macromolecules are stretched,
oriented parallel to each other, and their concentrations
can be made similar to these encountered in real nu-
clei. In this way we plan to construct an ‘artificial nu-
cleus’. Other methods adopted so far can check for the
possibility of collective behaviour and the effect of chain
elongation or compaction. We have used Langmuir—
Blodgett technique for the same and extensively per-
formed FTIR and AFM experiments to monitor the
L-B surface. Each macromolecule has been attached
by one of its extremities to a hydrophobic buoy to keep
it at the interface. Detailed thermodynamic analysis
results in some interesting conclusions.

Keywords: LB films, promoter DNA, RNA poly-
merase, thermodynamics.

Preamble

SPECIFIC recognition between DNA and protein plays a
major role in biology, with respect to spatiation and de-
velopment of an organism. Control of gene expression in
spatial and temporal manner indeed leads to awesome di-
versity which is very difficult to comprehend at the mo-
lecular level. Since last century brilliant efforts have been
made through path-breaking experiments to understand
the chemistry of DNA—protein recognition. Several ther-
modynamic constants have been estimated; complex ki-
netic pathway for the recognition has been deciphered'~.
However, most of these studies suffer from one major
limitation that is the experiments were carried out in bulk
phase or in homogenous solution, which is far away from
the real in vivo condition within cells. The condensed
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packing of DNA, different salt concentrations, action of
several proteins together in an orchestred fashion put
various challenges in front of investigators and they tried
to answer these questions by designing different models.

We are attempting to address these issues in a different
way. At first, we designed one of the reacting partners in
such a way that they behave as condensed and arrayed
molecules on air—water interface and then probe them for
molecular interaction with the other partner. This ap-
proach led us to evaluate various thermodynamic con-
stants for the system and compare with that of bulk
phase. In the following section, we will describe these
experiments which deal with two simple molecular rec-
ognitions: (a) hybridization of two complementary
strands of DNA to form double helix, and (b) recognition
of a specific promoter DNA sequence by RNA poly-
merase.

Historical background

The calming effect of oil on sea waves was known to the
sailors since the ancient times. It was a noted phenome-
non like many other natural phenomena occurring but was
little studied until the recent times. Benjamin Franklin®
was the first to report the consequence of oil on water in
1774. Then, Agnes Pockels in 1891 described a technique
to manoeuvre the oily films on water®. The technique in-
volved the use of barrier across the surface of a trough
full of water till the brim. Then Rayleigh came with the
calculation of the thickness of these oily films’, and pro-
posed that the films of oil on water were monomolecular
in nature. Finally, during 1917 Irving Langmuir proposed
the theoretical and experimental details of the insoluble
monolayers® which underlie our modern understanding of
Langmuir monolayers. During the same period, in 1929,
Katherine Blodgett’ developed a method to transfer the
monolayer on solid substrates and from then this technique
is known as Langmuir-Blodgett (LB) technique and the
transferred monolayers as Langmuir—Blodgett films.
Thus, the focus was mainly on the interfacial properties
and importance of the observation, reported by Franklin,
took more than hundred years to be understood. In the
meanwhile, other surface properties were studied in de-
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tail; in 1878, Gibbs published his work on thermodynamics
of adsorption and surface tension®. However, it was the dis-
covery of Pockels, which made the monomolecular layers
increasingly interesting. Prior to Langmuir’s theoretical
explanation about these insoluble monolayers, Hardy’
observed that oils which were lacking polar functional
group did not spread at the air—water interphase to form
insoluble monolayers. Subsequent to these observations,
Langmuir demonstrated that long chain fatty acids form
monolayers that occupy same cross-sectional area inde-
pendent of the hydrophobic chain length. He proposed
that the long chain fatty acid molecules were oriented
at the water surface in such a manner that the polar
head group was immersed in water and the hydrophobic
chain directed vertically up from the surface as shown in
Figure 1.

Towards quantitation, Langmuir also devised a surface
balance, a device bearing his name, which has a movable
float separating clean surface from the surface covered
with fatty acid molecules. The forces (i.e. surface tension
or surface pressure) were measured directly from the de-
flection of the float and based on these principles the
modern day Langmuir trough (Figure 2) is built. It has a
movable barrier and to measure the forces, a pressure
sensor is attached to the trough. Surface pressure is
measured as shown:

m=n-7%

Hydrophobic chain —

;

Hydrophilic group

Water

Figure 1. Schematic depiction of an insoluble monolayer formed at
the air—water interphase.

Figure 2.

Langmuir-Blodgett trough.
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where IT is the surface pressure, y is the surface tension
of clean surface and y is the surface tension of the surface
covered with monolayer forming molecules.

The early studies were concentrated on the properties
of the surface of the monolayers and not much had been
speculated about the functional aspect of these monolay-
ers. Since the demonstration by Langmuir, numerous sub-
stances had been studied. Until, the middle of twentieth
century, the monolayer research had been carried out
without much speculation about the practical applications
of these monolayers. Blodgett developed a technique' to
transfer these monolayers on solid substrate to built films
of the monolayers and which became a subject of intense
interest. The second half of the twentieth century was
dedicated to the stimulation of the potential application of
the Langmuir monolayers. Moreover, these molecules
which spread at the air—water interphase have an analogy
to the membranous structure of living systems and hence
biologists started showing interest on LB film.

Apart from LB technique, self-assembled monolayers
(SAMs) are also widely used to generate films on solid
substrate for various purposes'', but application of SAMs
is only in making films and not as wide as Langmuir
monolayers. LB films are structurally more stable, due to
their transfer technique employed to generate them, than
SAMs. Additionally, one can generate uniform multilay-
ers with the LB technique, whereas SAMs only yield
monolayer. Currently, LB films are studied for its poten-
tial as sensors'?, magnetic® and optical materials'*; bio-
logical membrane models and for numerous chemical
applications'.

Overview

A surfactant molecule is the most essential requirement to
form a LB monolayer'’, and these are amphiphatic mole-
cules endowed with both hydrophobic (water hating) and
hydrophilic groups (water loving). Long chain fatty acids
or amines fulfil all the criteria of a surfactant molecule to
form a monolayer at the air-water interphase'’. These acids/
amines or any other similar molecule with hydrophilic
functional groups are endowed with a long stretch of
methyl groups which owing to its hydrophobic nature fa-
vours to dispose them at the air. The hydrophobic chains
are made up of either saturated or unsaturated carbons
and as a consequence are straight or tilted. The optimum
length of chain to form a stable monolayer is that of 13 to
22 carbon atoms'®. Whereas the functional group of the
molecule, owing to its water loving temperament inter-
acts with the aqueous subphase. The common functional-
ities include acid, alcohol, amine, nitro and sulphate
groups'® and Figure 3 shows one such molecule, which
has a long hydrophobic methyl chain and a hydrophilic
group.

Figure 1 shows the orientation of a surfactant molecule
at the air—water interphase. It is observed from Figure 1
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that the surfactant molecules arrange them at the interphase
in such a manner that the hydrophobic chain is positioned
straight at the surface while the hydrophilic functional
groups interact directly with the aqueous solution just be-
neath the surface. Orientation of the hydrophobic group
at the interphase is not generally straight, it sometimes
may be present at the subphase at an inclination and that
depends on the original structure of the molecule. Equilib-
rium between the two oppositely oriented parts of the am-
phiphilic molecule is necessary to form a stable monolayer'®.
It is the structure of these amphiphilic molecules that al-
lows the formation of monolayer at the air—water inter-
phase. There is an inherenet competition between the
hydrophobic and hydrophilic groups of an amphiphilic
molecule and the tendency to form micellar structure in
the solution depends on the relative cross-sectional area
of the hydrophobic and hydrophilic groups. Any shift alters
the disposition of the molecule at the interphase as can be
seen in Figure 4 which shows the formation of a micelle.

The interactions prevailing among the surfactant mole-
cules are, the Van der Waals type between the hydropho-
bic chains; ionic, dipole—dipole and ion—dipole between
the hydrophilic groups'®. If the hydrophobic chain of the
amphiphilic molecule has larger cross-sectional area com-
pared to the tail or the interaction between the hydropho-
bic groups is stronger than the interaction of the hydrophilic
group with the aqueous solution then they tend to come
closer. As a result, they avoid the hydrophilic environ-
ment and form a structure, known as micelle, as shown in
Figure 4. And, if the opposite happens with the hydro-
philic groups interacting strongly with the aqueous solu-
tion then the molecule tend to dissolve into the subphase
resulting in homogenous solution. So, the balance be-
tween the hydrophilic and hydrophobic part is an impor-
tant prerequisite to form a stable monolayer. When a
surfactant molecule is confined to arrange themselves on
a plane (as in air—water interface), there is always a com-
petition between both the head and the tail. Monolayer
properties are also affected by the pH'®* and the ionic
strength of the subphase®?*; the temperature®*’; con-
centration of the surfactant molecule®.

The LB monolayer formation

LB monolayers and films are generated on a LB trough,
the picture of which is shown in Figure 2. The trough has

| |1 |
Hydrophohic chain Hydrophilic group

Figure 3. Stick and ball model of an amphiphilic molecule showing
the hydrophobic chain in grey balls and the red sphere represents the
hydrophilic functional group.
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a Teflon coating to make the surface hydrophobic. It con-
tains the subphase solution (generally aqueous) and the
surfactant, dissolved in a suitable solvent, is spread on the
surface of the subphase solution. The trough is cleaned
first with a dilute acid to remove the inorganic impurities
and then wiped with chloroform to get rid of organic im-
purities. After the surfactant solution is spread, some time
is generally allowed for the evaporation of the solvent
before any measurements are made. The trough is con-
nected to a thermostat for the regulation of the tempera-
ture and is placed on a granite slab to isolate it from any
external vibrations. The concentration of the surfactant is
selected such that it spreads as a monomolecular layer
over a given area.

A paper plate, known as Wilhelmy plate, is dipped into
the subphase solution prior to spreading of the surfactant.
The Wilhelmy plate measures the surface pressure of the
system, which is an important property for the characteri-
zation of any LB monolayer. This method utilizes the
measurement of the vertical component of the force act-
ing on the plate. Surface pressure is expressed as the dif-
ference of the surface tension of the subphase in the
absence and in the presence of the surfactant”. The set of
equations followed to calculate the surface pressure is
given below. Since the system is two dimensional: the
surface pressure is equivalent to the surface tension at the
interphase. Wilhelmy plate when suspended at the air—
water interface, is pulled down into the subphase by sur-
face tension of the aqueous solution. Hence, on a plate of
dimension | x w x t (length, width, thickness) and density
pp, which is immersed in subphase solution to a depth d,
the total force acting downwards, is given by,

Force = (pplwt)g — (odwt)g + 2(w + t)(ST)cos

(Force = weight — upthrust + surface tension)
(oL = density of the subphase solution; g = acceleration
due to gravity).

The upthrust term is eliminated as the plate is dipped at
constant position always, so

g 1
Length, |

R —— RN R ———————

Depth, d
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Force = 2(w + 1).(ST).cos@ (8= 0° as it is a paper plate)
Therefore, force = 2.(w + 1).(ST)

ST = force/perimeter; surface pressure = STpure subphase —
STsurfactant; Unit of surface pressure is dynes/cm or new-
tons/m.

By measuring the surface pressure (P) against the molecu-
lar area (A /mol) at constant temperature, P—A isotherms
are generated. One typical isotherm for long chain fatty
acid is shown in Figure 5 a. Here the pressure shows an
increase as a function of decrease in area, which is gener-
ated by moving the barrier over the monolayer.

The P—A isotherm in Figure 5 a shows two transition
points, one from gaseous phase to liquid phase and the
other one from liquid phase to solid phase. These two are
the most important phase transitions, occurring at the air—
water interphase. Liquid phase, for certain surfactant mole-
cules, shows two regions: liquid expanded (LE) phase and
liquid condensed (LC) phase (as shown in Figure 5 b). In
most of the cases, the liquid condensed phase is only con-
sidered and liquid phase here is actually LC phase. At the
gaseous phase, the molecules are far apart, randomly ori-
ented with no interaction among the molecules and the
surface pressure is nearly zero. When the barrier is moved
to lower area/molecule, the surface pressure value in-
creases. Molecules come closer and there is some interac-
tion between the molecules but they are not arranged or
properly arrayed. The molecules are present in a less
compressible state and this state represents the liquid
phase. As the barrier moves further towards lower area/
molecule, the molecules get oriented in the closest packing
possible. The interaction between the surfactant mole-
cules is highest at this phase and behaves in an orderly
crystalline fashion and is known as solid phase. Here, the
molecules are in an incompressible state and upon mov-
ing the barrier further, the solid phase collapses, monolayer
is destroyed, molecules move one over other and this
situation is termed as ‘piling’.

There are a number of ways one can check the stability
of such systems and ‘hysteresis’ is one of them. In fact,
the very phenomenon of hysteresis leads one to think that
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Figure 4. A schematic presentation of a surfactant forming a micelle
on the surface of an aqueous solution.

: Hydrophobic chain
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such system can be used as a memory device. Systems
which show hysteresis exhibit persistent memory of the
different states. With respect to P—A curves, hysteresis is
generated by the repeated movement of the barrier back
and forth on the surface to develop and release pressure
respectively'®'’. The generated P—A isotherms with the
concerted movement of barrier are termed as ‘hysteresis’
of Langmuir monolayers. It is often mentioned that hys-
teresis is the measure of equilibrium between two states
and in the case of Langmuir monolayers, equilibrium will
be the arrangement of molecules at the interface, when
the pressure is applied and released with the help of the
movement of the barrier. For Langmuir monolayers, if the
gap between the successive P—A curves generated by mov-
ing the barrier forward and backward is less, the Lang-
muir monolayer is stable.

The arrangement of molecules at the three different
phases is shown below in Figure 6. Interestingly, if a
solid substrate is introduced in the monolayer at constant
pressure, the monolayer can be effectively transferred on
the substrate, keeping the same orientation of the mole-
cules (LB films). The polarity of the transfer will depend
on the nature of hydrophobicity of the substrate; if the
plate is hydrophobic, the hydrophilic part of the monolayer
will protrude out and vice versa, if the surface is hydro-
philic. At the solid phase, the molecules are present in the
closest possible packing and the films are very compact.
Figure 7 shows the deposition process of Langmuir
monolayers.

The type of deposition shown in the Figure 7 is known
as Y-type deposition, in which the monolayer gets trans-
ferred both during upstroke and the downstroke move-
ment of the substrate. Apart from this common type, there
are two less common types of deposition: X-type of deposi-
tion and Z-type of deposition. In the later two types of
deposition, the transfer either takes place during the up-
stroke movement (Z-type) or downstroke movement (X-
type) of the solid substrate. For most of the molecules
studied, the Y-type deposition is followed and in very
few cases, either X-type or Z-type depositions are seen to
be occurring®®’'. Figure 8 shows the X-type and Z-type
of deposition. This type of irregularity in the deposition
patterns can be due to many factors, like the nature of the
molecule forming the monolayer, the solid substrate onto
which the monolayer is to be transferred and also the dip-
ping speed. Y-type of deposition is head—head tail—tail
deposition, where the tail of one amphiphile will interact
with the tail of another amphiphile and head will interact
with another head. This happens as transfer of the
monolayer takes place during upstroke as well as down-
stroke movement of the substrate. The X-type of deposi-
tion, on the other hand, is head-to-tail deposition which
occurs mostly on hydrophobic substrates (Figure 8a). In
this case, the transfer of the monolayer only takes place
with the downstroke movement of the substrate and hence
the hydrophobic tail interacts with the hydrophilic group
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Figure 5. a, P—A isotherm of a long chain fatty acid; b, Typical isotherm of an amphiphilic molecule (taken from ref. 16).
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Figure 6. Orientation of surfactant molecules showing the arrange-
ment at different phases.

deposited in previous stroke. Z-type of deposition follows
tail-to-head interaction. In Z-type of deposition the trans-
fer of the monolayer takes place during the upstroke
movement (Figure 8 b). It is the hydrophilic headgroup
which always gets immobilized facing the hydrophobic

1230

1 Substrate

water

Barrier

Figure 7. A representation of deposition of LB films on solid sub-
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Figure 8. A representation of (a) X-type deposition and (b) Z-type
deposition.
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tail of the amphiphilic molecule transferred during the
previous deposition. Both the Z-type and X-type of depo-
sition are extremely unstable. However, in some cases, Z-
type of deposition give rise to stable LB films®".

The morphological changes associated with the com-
pression/expansion of the monolayer can be visualized by
BAM (Brewster angle microscopy)’>~* and fluorescence
microscopy” . The fluorescence microscopy utilizes the
incorporation of fluorescent probes into the monolayer at
very low concentrations so that it dissolves in the liquid
phase. When the barrier moves over the monolayer, the
condensed phase can be visualized as bright objects. Ear-
lier, the coexistence of phases was only inferred from the
P—A isotherms and perhaps from surface potentials, till
the use of fluorescence was documented®*°. However,
the only limitation with fluorescent microscopy is the
concentration of the fluorescent probes which is very
critical as it sometime creates artifact due to the concen-
tration factors. This drawback is overcome by the use of
BAM, which allows direct visualization of the monolayer
without the addition of any probes. The principle of BAM
is given in details elsewhere®, but when a monolayer is
present on an interphase, it affects the Brewster angle con-
dition and hence the reflectivity. So, the regions of
monolayer differing in molecular density and orientation
will be seen due to the optical contrast.

Fourier transform infrared (FTIR)*® and Raman spec-
troscopy’’ have been used to study the conformational
defects in the LB films. IR (FTIR/ATR-FTIR) spectros-
copy is extensively used to establish the orientation of
molecules at the monolayer*”*!. The morphology and mo-
lecular packing of the LB films have been determined by
transmission electron microscopy (TEM)** as well as
by atomic force microscopy (AFM)**. Interestingly,
AFM also has been modified to image soft LB films, con-
stituted of biological samples*®*’. Similarly X-ray dif-
fraction (XRD) is used to check the morphology of the
LB films**°. X-ray photoelectron spectroscopy (XPS)**!
and UV-visible spectroscopy’>>® are among other meth-
ods utilized for the visualization of the LB films.

Langmuir monolayers and LB films

Two kinds of monolayers, namely SAM and Langmuir
monolayer, are much in use now to monitor the properties
of the molecules that assembled and oriented in a precise
way. Langmuir monolayers deposited on solid substrates,
as demonstrated in the previous section, generate LB
film. Initial studies of Langmuir monolayers were only
done with some aliphatic acid or similar such groups and
the LB films obtained from those monolayers generally
lacked the stability. Later, Blodgett pioneered the concept
of introducing metal ions in the subphase’'*"* to increase
the structural stability of the LB films. SAMs, as the name
suggests, are monolayers formed by the self-arrangement
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of the molecules on a solid substrate when it is dipped in
a solution of the compound. LB films have an added ad-
vantage over SAMs, that the molar ratios in a mixture of
the components could be precisely controlled®°, which
is not the case when the films are generated by SAMs.
Although there is a diversity of function which associates
with the LB technique, the real interest has only surfaced
with the advent of LB films.

LB films could be made functional with the introduc-
tion of various groups, having different functions, in the
monolayer. Recently, a lot of studies are being carried out
with the functional LB films. There are numerous schemes
by which the functional LB films could be generated. The
functional groups are introduced into the amphiphilic
molecules which are spread at the air—water interface and
then the LB monolayer formed is transferred onto solid
substrates to create the functional LB films. Another
approach is to mix the functional amphiphiles with
another monolayer forming molecule and then form a
mixed monolayer. This will incorporate functionalities in
the monolayer, although randomly. Variety of functiona-
lities had been used to synthesize amphiphiles which gen-
erate different LB films like cyanine dyes’™* and azo
dyessg’éo.

Recently, the LB films with metal ions are much in use
as monolayers®"®. Introduction of metal ions is achieved
by adding the metal salts into the subphase solution and
then the amphiphile, which interacts with that metal ion
through the charge interaction, is spread at the surface.
The other way is to have the preformed monolayer with
the amphiphile first and then the metal ions are injected
in the subphase. Moreover, metal ions can also react with
other functional ligands which are injected into the sub-
phase®. Hence, introduction of metal ions help in the
formation of functional LB films in more than one way.
We will soon show how such a system can be utilized to
monitor macromolecular interaction in LB films through
the participation of metal ions.

Metal ions interact with long chain organic molecules
having negative charge at their extremeties. It is reported
that the introduction of divalent cations stabilize the LB
monolayer of fatty acids like arachidic acid, stearic acid®>*,
whereas in the presence of trivalent ions the monolayers
become very rigid®. Depending on the nature of the
metal ion introduced into the monolayer, certain proper-
ties are conferred onto the monolayer, like semi conduct-
ing, magnetic, optical and catalytic properties. Due to all
these properties of metal ion—organic molecules interac-
tion, it becomes technologically significant. Additionally,
it could be of biological importance as well, as metal ions
interact with many biologically important molecules like
lipids®®, DNA® and even certain bacterial enzymes®.
Among the entire metal ion—functional group interac-
tions, the interaction with the carboxylic group is very
significant. There are many facets of metal ion—-COOH
interaction, it is used to remove toxic metals®’; it is also
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used as a high quality absorbent for metal ions” and
hence of immense relevance in the field of catalysis. Pro-
tein molecules, also contains —COO™ ™~ group and so the
metal ion interaction becomes biologically relevant’".

Of late, a lot of studies are being carried out and many
interesting systems are being generated in the area of LB
films’?. Apart from the interaction of divalent metal ions,
trivalent as well as monovalent metal ions have also been
monitored” and there is dissimilarity in the behaviour of
interaction of metal ions from separate groups. Divalent
metal ions are widely studied and even among the diva-
lent metal ions, inconsistency in the geometry and bind-
ing strength is also observed. The behaviour of divalent
metal ions towards the carboxylic functional group is in-
fluenced by the ionic radii and electronegativity of metal
ions®*’*. Interactions of numerous divalent metal ions
with long chain fatty acids have been explored®*”, like
Pb**, Cu*", Ca*’, Ba®", Co®" and it has been observed that
the metal ion—COO " interaction does not follow similar
rules at the air—water interface as they do so in solution
phase. There are a lot of reasons for this discrepancy, like
the pK, of amphiphile is not the same at the interface as
in solution or maybe the available geometry to interact
with metal ions is not satisfactory. Detailed study on the
chemistry and physics of the interaction of metal ions—
carboxylic group is required for the understanding of the
system and also for the potential applications of this class
of interaction.

LB films and macromolecular recognition in
biology

DNA plays a key role in all cellular functions like repli-
cation, recombination or transcription. It is, therefore, of
considerable interest for scientists to study this molecule
with detailed insight. Here, we will describe our attempts
to follow biological reactions in a condensed phase or LB
films and we termed such a system as ‘artificial nucleus’.
So, our goal is two fold: first, we want to construct a
large scale artificial cell nucleus and second, we intend to
use this model system to investigate fundamental issues
in biology such as DNA transcription. To the best of our
knowledge the concept of an artificial nucleus which we
are proposing is new. It should open new ways to probe
into various elementary mechanisms in DNA-related bi-
ology. In other words, we are motivated to develop a sys-
tem which allows studying processes such as DNA
transcription on a large collection of DNA molecules and
in conditions as close as possible to the in vivo situation.
The problem which always surfaces while working with
high concentrations, which is often unrealistic, is the re-
pulsive interaction between the neighbouring molecules.
This problem is evaded if the formation of an artificial
nucleus is achieved by first tethering low concentration of
DNA chains at the air—water interface with the help of
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Langmuir technique and then compressing them with a
mechanical barrier until a dense brush is formed.

Although a lot of single molecule experiments have
been performed to study the interaction between a single
molecule of DNA and DNA-binding proteins’®”” in vivo,
DNA is not isolated. Realization of this fact led us to
study DNA and DNA-related functions in a system closer
to reality. The general idea of our approach is to form a
monolayer with a T7 A1 DNA at air—water interface and
then to compress the monolayer till the density reaches
the density inside the real cell nucleus. This system is ad-
vantageous firstly because excessive amounts are not re-
quired to achieve dense brushes of DNA and secondly, it
can be made analogous to the true cell by adding neces-
sary proteins and enzymes into the subphase which will
interact with the DNA at the interface hence, mimicking
the biologically relevant mechanisms. DNA will itself not
form a monolayer as it is highly soluble in water and so
to form a stable monolayer at air—-water interface, it has to
be made partially hydrophobic. To achieve this, it was
thought to attach water-insoluble moiety to one of the
ends of DNA molecule, so that the resulting species re-
mains bound to interface via the hydrophobic group and
some part of it also dangles into the solution due to the
DNA chain. One major point to keep in mind while creat-
ing such amphiphiles is that the hydrophilic-hydrophobic
balance should be correct for the formation of a stable
monolayer at the air—water interface.

We first attempted to realize our goal by tethering
DNA onto submicron-size latex beads’”, as shown in
Figure 9 a. A lot of studies have been done on this possi-
bility of coupling DNA on latex beads*”*'. DNA recogni-
tion is first and most important for biological conditions
and so DNA on the beads was tested for its biological ac-
tivity. It was found to be transcriptionally active’® and
even could be used for hybridization with short oligonu-
cleotides. From the rate of hybridization we could also
estimate the value of activation energy from temperature
dependence studies (Figure 9b). Interestingly, a single
base mutation in the recognition sequence of DNA did
not allow the formation of the double helix.

Hence, it was perceived that this generated amphiphile
can be used to develop a monolayer at air—water interface
for the purpose to generate ‘DNA-brushes’ which could
then be utilized for the study of biologically relevant
mechanisms. However, we noticed that the bead bound
DNA cannot form stable monolayer or LB film and tend
to disintegrate when we tried to pick them up on solid
substrate. Perhaps, if the plate was sufficiently hydropho-
bic to capture latex beads, the monolayer would be stable.
All our attempts in this direction failed but still we have
been able to establish a hybridization method which is a
successful strategy for the grafting of double stranded
(ds) DNAs on the surface of polystyrene microspheres.
The DNAs remain end grafted and hence accessible for
biological reactions. Moreover, the kinetics of hybridiza-
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a, Sequence of reactions followed for grafting a DNA to a polystyrene microsphere (with permission, taken from D. Ghosh et al.,
Langmuir, 2003, 19, 5830-5837). b, Plot of In k (k = rate constant) versus 1/T (T =

temperature in kelvin), giving the activation energy for the hy-

bridization kinetics of T7A1 DNA with primer P1 in the heterogeneous phase (P1 attached to the polystyrene micro-spheres (O)). The range of er-
ror associated with the experimental data is also shown. The dotted lines show the maximum range to which the activation energy values can vary

(with permission, taken from D. Ghosh et al.,

@

Langmuir, 2003, 19, 5830-5837).
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a, Schematic representation of Zn—arachidate Langmuir monolayer to which DNA is bound. b, A cartoon representation showing the

hybridization phenomenon occurring at the air—water interface. ¢, Fluorescence spectra of 19 layers of the ssDNA1-Zn-arachidate layer (curve 1),
ssDNA1-ssDNA3-Zn-arachidate (curve 2), and ssDNA1-ssDNA2-Zn-arachidate (curve3). The excitation wavelength was kept at 280 nm (with

permission, taken from A. Bhaumik et al.,

tion of a ds-DNA to an oligonucleotide in heterogeneous
phase was also monitored.

An alternative strategy was therefore, necessary. In-
stead of attaching the DNA directly to water-insoluble
group, it was proposed to first form a monolayer with an
amphiphile which will form a stable monolayer and then
attach the DNA with the aid of a linker. Metal ions form
stable monolayers with long chain fatty acids and hence
the system chosen for our purpose was arachidic acid on
a subphase of ZnSOQ, (ref. 82). Zn(Il) has an affinity to-
wards DNA® and so DNA was immobilized onto the
monolayer at interface via the Zn(Il) ions which were
bound to the surface arachidic acid molecule by charge
interaction and this is schematically shown in Figure 10 a.

Zn—arachidate (ZnA)-DNA monolayers and LB films
of same were fabricated. The ZnA-DNA films were char-
acterized by P—A isotherm as well as AFM and fluores-
cence microscopy. The microscopic images confirmed
the immobilization of DNA onto LB monolayers of ZnA.
For any specific interaction to occur, it is indispensable to
have the interacting species to be geometrically aligned.
To accomplish our objective of studying DNA-—protein
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Langmuir, 2004, 20, 5891-5896).

interaction, it was a prerequisite for the DNA to be aligned
in such a manner so that the site of interaction is accessi-
ble for protein recognition. To authenticate the alignment
of DNA at the LB monolayer, a hybridization experiment
was performed. In this experiment a short single strand
DNA was attached to the amphiphile in the monolayer
through a metal linker (Figure 10b) and its complemen-
tary sequence was added to the subphase.

When the barrier moved and LB film was generated,
we noticed the double-stranded DNA at the interphase was
produced and detected by fluorescence (Figure 10 c). In-
terestingly, non-complementarity in the recognition se-
quence of DNA at the level of even one base pair mismatch
did not allow the formation of the double helix. The hy-
bridization data also confirmed that the DNA is freely
immobilized to the monolayer to undergo the sequence-
specific hybridization®. Hybridization was performed
with short single-stranded DNAs, contrary to the long
double-stranded DNA used for AFM and fluorescence
microscopy imaging which attested to the fact that long
DNAs at the air—water interface get entangled or coiled.
Hence, the efficiency of transcription mechanism at the
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interface when the DNA is immobilized is not much®. At
this point we cannot predict whether or not such problems
are encountered in vivo but Langmuir monolayers open
interesting opportunity to study such system.

Although the ZnA system successfully aligned the DNA
and it is a promising template as a DNA chip, to our knowl-
edge not many such reports are present in the literature.
The method employed here is an improved way to immobi-
lize long DNA, which in turn may act as an affinity sur-
face for protein recognition. Through AFM and fluorescence
images the DNA was found to be coiled. However, it still
remained good substrates for cleavage reaction. It also
acted as a target for hybridization through Watson—Crick
base pairing.

However, due to the coiling of long DNAs, the acces-
sibility of the molecule for protein recognition is not
much efficient. We needed to overcome this predicament
as our focus was to study the DNA—protein interaction
and the critical point in this regard is the recognition of
one of the interacting species by the other. The system
which is employed for our study is two dimensional and
due to the restriction in the degrees of motion, the apt
orientation of the interacting molecules becomes more
crucial. To resolve the crisis, we thought of immobilizing
the protein and not the DNA. We engineered the system,
contrary to the manner used to immobilize DNA, very
specific for the immobilization of protein. The folding of
DNA was inevitable as the chemistry used to immobilize
the DNA onto the ZnA-LB monolayer was the nonspe-
cific ionic interaction between the Zn*" and the backbone
negative charges of DNA. To circumvent this, the scheme
to immobilize protein was specific for one point attach-
ment to the monolayer so that the site to be recognized by
the interacting partner is well exposed and accessed.

Hence, we exploited the well-known Ni(II)-histidine
chemistry to immobilize the protein molecules on LB
monolayers. The LB monolayer was constructed with

Figure 11. A schematic representation showing the one-point attach-
ment of Histagged protein molecules onto the NiA LB monolayer.

1234

Ni(II) cations in the subphase solution and the protein
was Histagged. This ensured that single protein molecule,
instead of having multiple binding sites, will bind spe-
cifically to one point through the Ni(Il)-histidine chemis-
try, thus having correct orientation of the molecule to
enhance the interactions®. Figure 11 shows the orienta-
tion of the protein molecules and its recognition with
DNA after being immobilized at the surface.

This scheme for the immobilization successfully got
the protein molecules attached at the surface and more so
in desired orientation for further interactions. This solved
our purpose to engineer a system which could be devel-
oped for the study of thermodynamics of the interaction
at the crowded environment™.

Here, we designed a system comprising a hydrophobic
monolayer upon a hydrophilic subphase containing metal
ion. The system was then employed for the successful in-
teraction of biomolecules injected into the subphase. The
aim was to follow macromolecular interactions at the LB
surface. First, due to a reduction in dimensionality at
Langmuir monolayers, it can be used suitably for macro-
molecular interaction. Second, one of the reactants at the
surface is oriented, arrayed in a crowded fashion, result-
ing in a situation (we presume) closer to in vivo condi-
tions and if the reactants are biological macromolecules,
the thermodynamic parameters so derived will have fas-
cinating applications. This technique is not specific for
our system but it is general and it could be employed for
any similar systems.

1. Zhang, W., Ni, H., Capp, M. W., Anderson, C. F., Lohman, T. M.
and Record, M. T. Jr., The importance of Coulombic end effects:
Experimental characterization of the effects of oligonucleotide
flanking charges on the strength and salt dependence of oligoca-
tion (L81) binding to single-stranded DNA oligomers. Biophys. J.,
1999, 76, 1008-1017.

2. Shaevitz, J. W., Abbondanzieri, E. A., Landick, R. and Block, S.
M., Backtracking by single RNA polymerase molecules observed
at near-base-pair resolution. Nature, 2003, 426, 684—687.

3. Bigelow, J. (ed.), The Complete Works of Benjamin Franklin, G.
P. Putnam’s Sons, New York, 1887, Vol. V.

4. Pockels, A., Surface tension. Nature, 1891, 43, 437-439.

5. Rayleigh, L., On the calculation of the frequency of vibration in
its gravest mode with an example from hydrodynamics. Philos.
Mag., 1899, 48, 566-572.

6. Langmuir, 1., The constitution and fundamental properties of sol-
ids and liquids. II. Liquids. J. Am. Chem. Soc., 1917, 39, 1848—
1906.

7. Blodgett, K. B., Films built by depositing successive mono-
molecular layers on a solid surface. J. Am. Chem. Soc., 1935, 57,
1007-1020.

8. Gibbs, J. W., Collected Works, Yale University Press, New Haven,

1948.

Hardy, W. B., The tension of composite fluid surfaces and the me-

chanical stability of films of fluid. Proc. R. Soc. (London), 1912,

A86, 610-635.

10. Blodgett, K. B. and Langmuir, I., Built-up films of barium stearate

and their optical properties. Phys. Rev., 1937, 51, 964-982.

11. Liu, B., Bard, A. J., Li, C. Z. and Kraatz, H. B., Scanning electro-

chemical microscopy studies of self-assembled monolayers of

e

CURRENT SCIENCE, VOL. 95, NO. 9, 10 NOVEMBER 2008



SPECIAL SECTION: TWAS SCIENCE FRONTIERS

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

DNA in the absence and presence of metal ions. J. Phys. Chem.,
2005, B109, 5193-5198.

Hou, Y. et al., Study of Langmuir and Langmuir—Blodgett films of
odorant-binding protein/amphiphile for odorant biosensors.
Langmuir, 2005, 21, 4058-4065.

Zhang, D., Xu, Y., Ding, L., Liu, Y. and Zhu, D., Magnetic LB
films of bis-radicals (nitronyl nitroxide and imino nitroxide) sub-
stituted benzene with long alkyl chain. Chem. Phys. Lett., 1999,
304, 236-240.

Valli, L. et al., Ethane-bridged zinc-porphyrin dimers in Lang-
muir—Shéfer thin films: Structural and spectroscopic properties. J.
Phys. Chem., 2006, B110, 4691-4698.

Esker, A. R., Mengel, C. and Wegner, G., Ultrathin films of a
polyelectrolyte with layered architecture. Science, 1998, 280, 892—
895.

Gaines, G. L. Jr., Insoluble Monolayers at Liquid-Gas Interfaces,
Interscience Publishers, New York, 1966.

Roberts, G. (ed.), Langmuir-Blodgett Films, Plenum Press, New
York, 1990.

Petty, M. C. (ed.), Langmuir-Blodgett Films: An Introduction,
Cambridge University Press, London, 1996.

Henderson, M. J., Perriman, A. W., Marsden, H, R., White, J. W.,
Protein—poly (silicic) acid interactions at the air/solution interface.
J. Phys. Chem., 2005, B109, 20878-20886.

Chou, T. H. and Chang, C. H., Thermodynamic characteristics of
mixed DPPC/DHDP monolayers on water and phosphate buffer
subphases. Langmuir, 2000, 16, 3385-3390.

Serranillos, I. R. G., Mifiones, J. Jr., Latka, P. D., Mifiones, J. and
Conde, O.. Surface behavior of oleoyl palmitoyl phosphatidyl
ethanolamine (OPPE) and the characteristics of mixed OPPE—
miltefosine monolayers. Langmuir, 2004, 20, 11414-11421.

Diaz, M. E., Johnson, B., Chittur, K. and Cerro, R. L., Infrared
spectroscopy analysis of the structure of multilayer Langmuir—
Blodgett films: effect of deposition velocity and pH. Langmuir,
2005, 21, 610-616.

Cardenas, M., Nylander, T., Thomas, R. K. and Lindman, B.,
DNA compaction onto hydrophobic surfaces by different cationic
surfactants. Langmuir, 2005, 21, 6495-6502.

Ganguly, P., Paranjape, D. V. and Rondelez, F., Role of tail-tail
interactions versus head-group/subphase interactions in the pres-
sure-area isotherms of fatty amines at the air—water interface. In-
fluence of subphase acid counterions. Langmuir, 1997, 13, 5433—
5439.

Braun, R., Casson, B. D. and Bain, C. D., A sum-frequency study
of the two-dimensional phase transition in a monolayer of undeca-
nol on water. Chem. Phys. Lett., 1995, 245, 326-334.

Alonso, C. and Zasadzinski, J. A., A brief review of the relation-
ships between monolayer viscosity, phase behavior, surface pres-
sure, and temperature using a simple monolayer viscometer. J.
Phys. Chem., 2006, B110, 22185-22191.

Ni, S., Lee, W., Li, B. and Esker, A. R., Thermodynamics of
the liquid expanded to condensed phase transition of poly (L-
lactic acid) in Langmuir monolayers. Langmuir, 2006, 22, 3672—
3677.

Cheyne, R. B. and Moffitt, M. G., Novel two-dimensional ‘ring
and chain’ morphologies in Langmuir—Blodgett monolayers of PS-
b-PEO block copolymers: Effect of spreading solution concentra-
tion on self-assembly at the air—water interface. Langmuir, 2005,
21, 5453-5460.

Tensiometers and Langmuir-Blodgett Troughs: Operating Man-
ual, Nima Technology, 5th edn, England, 1999.

Ashwell, G. A., Jackson, P. D. and Crossland, W. A., Non-
centrosymmetry and second-harmonic generation in Z-type Lang-
muir—Blodgett films. Nature, 1994, 368, 438—440.

Biro, R. P. et al., A new series of amphiphilic molecules forming
stable Z-type (polar) Langmuir—Blodgett films. J. Am. Chem. Soc.,
1990, 112, 2498-2506.

CURRENT SCIENCE, VOL. 95, NO. 9, 10 NOVEMBER 2008

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Honig, D. and Mdbius, D., Direct visualization of monolayers at
the air—water interface by Brewster angle microscopy. J. Phys.
Chem., 1991, 95, 4590-4592.

Hénon, S. and Meunier, J., Microscope at the Brewster angle: Di-
rect observation of first-order phase transitions in monolayers. J.
Rev. Sci. Instrum., 1991, 62, 936-939.

Lee, Y. L., Yang, Y. C. and Shen, Y. J., Monolayer characteristics
of mixed octadecylamine and stearic acid at the air/water inter-
face. J. Phys. Chem., 2005, B109, 4662-4667.

Weis, R. W. and McConnel, H. M., Two-dimensional chiral crys-
tals of phospholipids. Nature, 1984, 310, 47-49.

Von Tscharner, V. and McConnel, H. M., An alternative view of
phospholipid phase behavior at the air—water interface. Micro-
scope and film balance studies. Biophys. J., 1981, 36, 409-419.
McConnel, H. M., Structures and transitions in lipid monolayers at
the air-water interface. Annu. Rev. Phys. Chem., 1991, 42, 171-195.
Saito, A., Urai, Y. and Itoh, K., Infrared and resonance Raman
spectroscopic study on the photopolymerization process of the
Langmuir-Blodgett films of a diacetylene monocarboxylic acid,
10,12—pentacosadiynoic acid. Langmuir, 1996, 12, 3938-3944.
Tieke, B. and Bloor, D., Raman spectroscopic studies of the solid-
state polymerization of diacetylenes, 3. UV-polymerization of di-
acetylene Langmuir-Blodgett multilayers. Macromol. Chem.,
1979, 180, 2275-2278.

Aveyard, R., Binks, B. P., Carr, N. and Cross, A. W., Stability of
insoluble monolayers and ionization of Langmuir-Blodgett multi-
layers of octadecanoic acid. Thin Solid Films, 1990, 188, 361-373.
Bonnerot, A., Chollet, P. A., Frisby, H. and Hoclet, M., Infrared
and electron diffraction studies of transient stages in very thin
Langmuir—Blodgett films. Chem. Phys., 1985, 97, 365-377.
Sarkar, M. and Lando, J. B., Polymerization of two amphiphilic
diacetylenes in multilayer films. Thin Solid Films, 1983, 99, 119-
126.

Wang, Y., Bai, G., Marques, E. F. and Yan, H., Phase behavior
and thermodynamics of a mixture of cationic gemini and anionic
surfactant. J. Phys. Chem., 2006, B110, 5294-5300.

Putman, C. A. J., Hansma, H. G., Gaub, H. E. and Hansma, P. K.,
Polymerized LB films imaged with a combined atomic force mi-
croscope—fluorescence microscope. Langmuir, 1992, 8, 3014—
3019.

Striova, J., Higgins, D. A. and Collinson, M. M., Phase separation
in organically modified silicate films as probed by phase-imaging
atomic force microscopy. Langmuir, 2005, 21, 6137-6141.
Merino, S., Doménech, O., Viiias, M., Montero, M. T. and Borrell,
J. H., Effects of lactose permease on the phospholipid environ-
ment in which it is reconstituted: A fluorescence and atomic force
microscopy study. Langmuir, 2005, 21, 4642-4647.

Heijden, T. V., Herrero, F. M., Kanaar, R., Wyman, C. and Dek-
ker, C., Comment on ‘Direct and real-time visualization of the
disassembly of a single RecA-DNA—-ATPY complex using AFM
imaging in fluid’. Nano Lett., 2006, 6, 3000-3002.

Skita, V., Filipkowski, M., Garito, A. F. and Blasie, J. K., Profile
structures of very thin multilayers by X-ray diffraction using di-
rect and refinement methods of analysis. Phys. Rev., 1986, B34,
5826-5837.

Prakash, M., Dutta, P., Ketterson, J. B. and Abraham, B. M., X-
ray diffraction study of the in-plane structure of an organic multi-
layer (‘Langmuir-Blodgett’) film. Chem. Phys. Lett., 1984, 111,
395-398.

Popat, K. C., Swan, E. E. L. and Desai, T. A., Modeling of RGDC
film parameters using X-ray photoelectron spectroscopy. Lang-
muir, 2005, 21, 7061-7065.

Caminati, G., Margheri, E. and Gabrielli, G., Langmuir-Blodgett
films of alkylpyridines as metal ion sensors. Thin Solid Films,
1994, 244, 905-908.

Hirano, Y., Tateno, S. and Ozaki, Y., Thermal behavior of J-
aggregates in mixed Langmuir-Blodgett films composed of mero-

1235



SPECIAL SECTION: TWAS SCIENCE FRONTIERS

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

cyanine dye and deuterated arachidic acid investigated by UV-
visible and infrared absorption spectroscopy. Langmuir, 2007, 23,
7003-7013.

Karp, E., Pecinovsky, C. S., McNevin, M. J., Gin, D. L. and
Schwartz, D. K., Langmuir monolayers of a photo-isomerizable
macrocycle surfactant. Langmuir, 2007, 23, 7923-7927.

Blodgett, K. B., Properties of built-up films of barium stearate. J.
Phys. Chem., 1937, 41, 975-984.

Haro, M., Giner, B., Lafuente, B. C., Lopez, M. C., Royo, F. M.
and Cea, P., Proton sponge and fatty acid interactions at the air—
water interface. Thermodynamic, spectroscopic, and microscopic
study. Langmuir, 2005, 21, 2796-2803.

Wydro, P. and Wydro, K. H., Thermodynamic description of the
interactions between lipids in ternary Langmuir monolayers: the
study of cholesterol distribution in membranes. J. Phys. Chem.,
2007, B111, 2495-2502.

Kuhn, H., Electron transfer in monolayer assemblies. Pure Appl.
Chem., 1979, 51, 341-352.

Sugi, M., Saito, M., Fukui, T. and lizima, T. S., Effect of dye con-
centration in Langmuir multilayer photoconductors. Thin Solid
Films, 1983, 99, 17-20.

Takahashi, M., Kobayashi, K. and Takaoka, K., Adsorption behav-
ior and structural characterization of azo dyes on a Langmuir—
Blodgett film of octadecylamine. Langmuir, 2000, 16, 6613-6621.
Ray, K. and Nakahara, H., Spectroscopic and structural studies on
adsorption of Azo dye in cationic Langmuir—Blodgett films. Bull.
Chem. Soc. Jpn, 2002, 75, 1493-1501.

Schwartz, D. K., Viswanathan, R. and Zasadzinski, J. A. N., Co-
existing lattice structures in a Langmuir-Blodgett film. Langmuir,
1993, 9, 1384-1391.

Takamoto, D. Y., Aydil, E., Zasadzinski, J. A., Ivanova, A. T.,
Schwartz, D. K. Yang, T. and Cremer, P. S., Nanoscale reorgani-
zation in Langmuir-Blodgett films. Science, 2001, 293, 1292—1295.
McLaughlin, D. et al., Surface complexation of DNA with insolu-
ble monolayers. Influence of divalent counterions. Langmuir,
2005, 21, 1900-1907.

Sigiyama, N., Shimizu, A., Nakamura, M., Nakagawa, Y., Naga-
sawa, Y. and Ishida, H., Molecular-scale structures of Langmuir—
Blodgett films of fatty acids observed by atomic force micros-
copy(Il)-cation dependence. Thin Solid Films, 1998, 331, 170—
175.

Shankar, S. S., Rautaray, D., Pasricha, R., Pavaskar, N. R., Man-
dale, A. B. and Sastry, M., Growth of TiO, nanoparticles in ther-
mally evaporated fatty amine thin films by a method of ion
entrapment. J. Mater. Chem., 2003, 13, 1108-1111.

Villoslada, I. M. and Rivas, B. L., Competition of divalent metal
ions with monovalent metal ions on the adsorption on water-
soluble polymers. J. Phys. Chem., 2002, 106, 9708-9711.
Larrabee, J. A., Leung, C. H., Moore, R. L., Thamrong-nawasa-
wat, T. and Wessler, B. S. H., Magnetic circular dichroism and
cobalt(Il) binding equilibrium studies of Escherichia coli methio-
nyl aminopeptidase. J. Am. Chem. Soc., 2004, 126, 12316-12324.
Rivas, B. L., Pereira, E. D., Villoslada, 1. M., Water-soluble
polymer—metal ion interactions. Prog. Polym. Sci., 2002, 28, 173—
208.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

Xiao, B. and Thomas, K. M., Competitive adsorption of aqueous
metal ions on an oxidized nanoporous activated carbon. Langmuir,
2004, 20, 4566—4578.

Kazanskii, K. S. and Dubrovskii, S. A., Chemistry and physics of
‘agricultural’ hydrogels. Adv. Polym. Sci., 1992, 104, 97-133.
Iwasa, K., Tasaki, I. and Gibbons, R. C., Swelling of nerve fibers
associated with action potentials. Science, 1980, 210, 338-339.
Ganguly, P., Paranjape, D. V., Pal, S. and Sastry, M., Exchange of
interlamellar cations with its aqueous environment in charged lay-
ered systems: Similarity between clays and Langmuir-Blodgett
films of metal salts of fatty acids. Langmuir, 1994, 10, 1670-1672.
Milella, E., Giannini, C. and Tapfer, L., Structural characterisation
of sodium behenate Langmuir-Blodgett films using X-ray diffrac-
tion techniques. Thin Solid Films, 1997, 293, 291-294.

Schwartz, D. K., Viswanathan, R., Garnaes, J., Zasadzinski, J. A.,
Influence of cations, alkane chain length, and substrate on molecu-
lar order of Langmuir—Blodgett films. J. Am. Chem. Soc., 1993,
115, 7374-7380.

Kurnaz, M. L. and Schwartz, D. K., Skeletonization as a probe of
interlayer correlations in Langmuir-Blodgett films. Langmuir,
1996, 12, 4971-4975.

Smith, S. B. and Cui, Y. and Bustamante, C., Over stretching of
B-DNA: The static response of individual double-strand and sin-
gle-strand DNA molecules. Science, 1996, 271, 795-799.

Lee, G. U., Chrisey, L. A. and Colton, R. J., Direct measurement
of the forces between complimentary strands of DNA. Science,
1994, 266, 771-773.

Ghosh, D., Faure, N., Kundu, S., Rondelez, F. and Chatterji, D.,
Hybridization and immobilization of long ds-DNAs on polysty-
rene microspheres. Langmuir, 2003, 19, 5830-5837.

Ghosh, D., Ramakanth, M., Bhaumik, A., Faure, N., Rondelez, F.
and Chatterji, D., Transcription of T7 DNA immobilized on latex
beads and Langmuir—Blodgett film. J. Biochem. Biophys. Meth-
ods, 2005, 62, 51-62.

Kremsky, J. N., Wooters, J. L., Dougherty, J. P., Meyers, R. E.,
Collins, M. and Brown, E. L., Immobilization of DNA via oli-
gonucleotides containing an aldehyde or carboxylic acid group at
the 5' terminus. Nucleic Acids Res., 1987, 15, 2891-2910.

Wolf, S. F., Haines, L., Fisch, J. and Kremsky, J. N., Dougherty, J.
P. and Jacobs K., Rapid hybridization kinetics of DNA attached to
submicron latex particles. Nucleic Acids Res., 1987, 15, 2911-
2926.

Bhaumik, A., Ramakanth, M., Brar, L. K., Raychaudhuri, A. K.,
Rondelez, F. and Chatterji, D., Formation of a DNA layer on
Langmuir—Blodgett films and its enzymatic digestion. Langmuir,
2004, 20, 5891-5896.

Duan, J. and Nilsson, L., Effect of Zn* on DNA recognition and
stability of the p53 DNA-binding domain. Biochemistry, 2006, 45,
7483-7492.

Brar, L. K., Rajdev, P., Raychaudhuri, A. K. and Chatterji, D.,
Langmuir monolayer as a tool toward visualization of a specific
DNA-protein complex. Langmuir, 2005, 21, 10671-10675.
Rajdev, P. and Chatterji, D., Thermodynamic and spectroscopic
studies on the nickel arachidate-RNA polymerase Langmuir—
Blodgett monolayer. Langmuir, 2007, 23, 2037-2041.

1236

CURRENT SCIENCE, VOL. 95, NO. 9, 10 NOVEMBER 2008



