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Monolayers of a cytosine-based nucleolipid (1,2-dipalmitoyl-sn-glycero-3-(cytidine diphosphate) (ammo-
nium salt), CDP-DG) at basic subphase have been prepared at the air-water interface both in absence and
presence of guanine. The formation of the complementary base pairing is demonstrated by combining sur-
face experimental techniques, i.e., surface pressure (z)-area (4), Brewster angle microscopy (BAM), infrared
spectroscopy (PM-IRRAS) and computer simulations. A folding of the cytosine-based nucleolipid molecules
forming monolayer at the air-water interface occurs during the guanine recognition as absorbate host and is
kept during several compression-expansion processes under set experimental conditions. The specificity be-
tween nitrogenous bases has been also registered. Finally, mixed monolayers of CDP-DG and a phospholipid
(1,2-dimyristoyl-sn-glycero-3-phosphate (sodium salt), DMPA) has been studied and a molecular segregation
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of the DMPA molecules has been inferred by the additivity rule.
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1. Introduction

Biorecognition of nucleic acids is a central process in life. Conse-
quently, in the last decades DNA and RNA nanothecnology has at-
tracted great interest from many researchers working in the design of
well-defined nanostructures for potential applications. On this frame-
work, to produce new materials, electronic nanodevices, and biosen-
sors novel strategies have been extensively investigated. Self-assem-
bly of cytosine, thymine, adenine, and uracil has been explored on
solid surfaces revealing the formation of 1D and 2D supramolecular
nanostructures [1], aggregates highly fluorescent [2]. efficient sensors
to distinguish the unique patters of viral nucleic acid/bacterial frag-
ments [3], new nucleic acid-based carrier systems to improve the drug
action [4], combination of nucleic acid derivatives with lipids render-
ing hybrid materials as promising supramolecular materials for bio-
medical and technological applications [5], fabrication of supramole-
cular gels formed by nucleic acid-based hydrogels to design particular
type of gelators [6], scanning of RNA nano-bio interface by function-
alized nanoparticles (NPs) to inquire on the RNA nano-bio interaction
[7], or nucleic acids-modified NPs to improve the drug delivery and
its efficiency [8].

The performance of most those new nucleic acid-based nanoarchi-
tectures to different applications are ground on the molecular recog-
nition between nucleobases in DNA and RNA. It is a fact that mol-
ecular recognition is one of the most significant chemical occurrence
not only in supramolecular chemistry [9], but also in biochemical
frameworks [10]. Particularly, recognition of nucleobases in DNA
and RNA is crucial in genetic transmission and protein expression:
DNA makes RNA and RNA makes protein. In such cases, nucleobase
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pairing occurs because complementary hydrogen bonding. In this con-
text, a stimulus established during the last decades has been the de-
sign of artificial recognition systems in solution [11], or interfaces
[12]. In the last case, different strategies have been designed to analyse
and mimicry of the molecular recognition and differentiation between
structurally almost identical molecules as nucleic acids at air-water
interface. Thus, quite simple host molecules have been mechanically
adapted at the air-water interface and this relatively simple imple-
ment has allowed the chiral recognition of amino acids by applying
mechanical forces to host monolayers prepared at the air-water inter-
face [13,14]. Furthermore, mechanical tuning of host structure for op-
timization of molecular recognition tenders an appropriate methodol-
ogy in host-guest chemistry [15].

The Langmuir monolayers at the air-water interface afford unique
frame for molecular interactions and accordingly molecular recogni-
tion [16]. To construct superlattice materials whose structure is con-
trolled at molecular level, the air-water interface is expected to offer a
model environment for preparing films with controlled 2D framework
by an appropriate matrix and under external control like surface pres-
sure.

Nucleolipids are functionalized lipids with nucleosides or nu-
cleotides moieties [17,18]. In aqueous environment, due to additional
specific contributions of the polar heads to intermolecular interactions,
i.e., m-stacking and hydrogen bonds, the presence of a bioinspired
functional polar headgroup affects the self-assembly properties, and
therefore this type of molecules had been extensively studied over the
past years [19].

Molecular recognition at the air-water interface between nucle-
olipids and their complementary bases dissolved in the subphase, has
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been widely studied and focused upon adenine and uracil/thymine
moieties in nucleolipids and also cytosine- and guanine-functional-
ized nucleolipids by surface experimental techniques [20-26]. On this
framework, the present work presents an approach combining experi-
mental, by surface pressure-area (7—4) isotherms, Brewster angle mi-
croscopy (BAM) and polarization-modulation infrared spectroscopy
infrared sprectroscopy (PM-IRRAS), techniques with molecular dy-
namics (MD) simulation techniques. This approach allows to describe
in more detail the molecular recognition between cytosine and guanine
molecules in an architecture prepared at the air-water interface by us-
ing a novel chemical system. Therefore, monolayers of cytosine-func-
tionalized nucleolipid (CDP-DG) have been fabricated at the air-water
interface where the aqueous subphase solves the complementary ni-
trogenous base at basic pH. Under compression, the molecular orga-
nization of cytosine-based nucleolipid (CDP-DG) monolayer is influ-
enced by guanine presence in the subphase. The formation of the com-
plementary base paring in a monolayer is demonstrated and described
by the combination of experimental and simulation techniques. The
molecular organization implies a folding of the cytosine-based nu-
cleolipid molecules in the monolayer during the guanine recognition.
Furthermore, the molecular assembled is reproducible during several
compression-expansion processes under set experimental conditions.
Finally, mixed monolayers of CDP-DG and a phospholipid (DMPA)
have been studied and a molecular segregation of DMPA molecules
has been inferred by the additivity rule.

2. Experimental section
2.1. Materials

The nucleolipid 1,2-dipalmitoyl-sn-glycero-3-(cytidine diphos-
phate) (ammonium salt) powder (>99%), CDP-DG, and phospho-
lipid 1,2-dimyristoyl-sn-glycero-3-phosphate (sodium salt) (>99%),
DMPA, were purchased from Avanti Polar Lipids and used as re-
ceived. The purine bases, guanine hydrochloride (>99%) and adenine
(98%) were obtained from Merck and used as well.

The basic subphase at pH 11 was adjusted by NaOH (>99%) and
supplied from Merck. The solutions for CDP-DG and DMPA were
prepared in chloroform and CHCl;/CH;OH 3/1, respectively, and used
as spreading solvents. The pure solvents (Chromasol V® Plus) were
purchased from Sigma Aldrich and used without further purification.
Ultrapure water, produced by a Millipore Milli-Q unit, pre-treated by a
Millipore reverse osmosis system (>18.2MQcm), was used as a sub-
phase. The subphase temperature was kept at 21 °C.

2.2. Methods

Two different models of Nima troughs (Nima Technology, Coven-
try, England) were used in this work, both provided with a Wil-
helmy type dynamometric system using a strip of filter paper: a NIMA
611D with one moving barrier for the measurement of surface pres-
sure (m)-area (4) isotherms and compression—expansion cycles, and a
NIMA 601, equipped with two symmetrical barriers to record BAM
images. The pure and mixed monolayers were compressed at a speed
0f 0.035-0.05 nm*min "‘molecule ™.

Images of the film morphology were obtained by Brewster angle
microscopy (BAM) with a I-Elli2000 (Accurion GmbH, Germany)
using a Nd:YAG diode laser with wavelength 532nm and 50mW,
which can be recorded with a lateral resolution of 2 um. The image
processing procedure included a geometrical correction of the im-
age, as well as a filtering operation to reduce interference fringes and
noise. The microscope and the film balance were located on a table

with vibration isolation (antivibration system MOD-2S, Accurion,
Gottingen, Germany).

Monolayers of CDP-DG prepared on basic subphase at pH 11 in
presence and absence of guanine were transferred onto glass substrates
by Langmuir-Schaefer (LS) technique, i.e., by horizontal touching
method, at constant surface pressure (z=27 mN/m). Therefore, multi-
layers (10 layers) by sequential monolayer transfer were assembled.
The transfer ratio was closed to unity for all transferences.

Polarization-modulation infrared reflection absorption spec-
troscopy (PM-IRRAS) was performed using a KSV PMI 550 instru-
ment (KSV, Biolin Scientific Oy, Helsinki, Finland), and equipped
with a highly sensitive MCT-detector and ZnSe photoelastic modula-
tor. The Langmuir trough (KSV) was mounted so that the light beam
reached the LS films at a fixed incidence angle of 76°. The incoming
light is continuously modulated between s and p polarization at a high
frequency. This allows the simultaneous measurement of spectra for
the two polarizations, s and p, thus the effect of water vapor is largely
reduced. In such a way, the PM-IRRAS signal (S) is the difference be-
tween s and p spectra, i.e. S=AR/R=(R,~R)/(R,*R,), where R, and
R, are the parallel p—and perpendicular s—polarized reflectances, re-
spectively. The background spectrum of an uncoated glass substrate
was recorded as the reference. In all the cases, the final spectrum was
obtained by means of the accumulation of 600 scans. The spectra were
recorded with 8cm ' resolution.

All the experiments were done in a large class 100 clean room at
the temperature of 21 °C.

2.3. Computer simulations

Molecular mechanics (MM) and molecular dynamics (MD) cal-
culations were performed by using Forcite with Dreiding force field.
The charge was incorporated by using Charge equilibration (QEq).
A cutoff of 1.85nm was used to calculate the L] interactions and
short-range electrostatic interactions. For each MD simulation, the
procedure was started with an optimized geometry followed by 20 ps
of NVT dynamics to heat the system to 298 K. Finally, after each MD
simulation, the geometry was again optimized. This routine was re-
peated at least 3 times for each system.

3D Periodical conditions were considered as follows: two lipid
leaflets confining a water layer and forming a sandwich structure in
which the lipid heads point toward the water layer with different ori-
entations. The absence of interactions between the two lipid leaflets
along the z axis was achieved by introducing an empty gap of 2—4nm,
as a function of surface area, above and below each lipid layers. The
final dimensions of the computing box along z axes was 12.5nm.

3. Results and discussion

3.1. Surface pressure (x)—area (4) isotherms of CDP-DG nucleolipid
at the air/water interface on different aqueous subphases

CDP-DG nucleolipid is a hybrid molecule composed of a nu-
cleotide (Cytidine diphosphate) and a lipophilic moiety (dipalmitoyl
derivative acid), see molecular structure in Scheme 1. Such structure is
expected to be able for lateral recognition of the complementary base
pairing, that is, guanine in the subphase [27].

Accordingly, its surface behaviour has been studied at the air/wa-
ter interface by means of Langmuir technique. Therefore, CDP-DG
films were prepared at the air—water interface and 7—4 isotherms were
registered on different aqueous subphases: pure water at pH 5.5, ba-
sic subphase at pH 11 both in absence and presence of guanine, and
in presence of adenine. Such subphases has been set on basis of
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Scheme 1. Molecular Structures of 1,2-dipalmitoyl-sn-glycero-3-(cytidine diphos-
phate), CDP-DG, Dimyristoylphosphatidic Acid, DMPA, and purine and nitrogenous
bases: Cytosine, Guanine and Adenine.

optimal solubility conditions for the complementary purine base, i.e.,
guanine.

Fig. 1 shows the 7—A isotherms under compression for a CDP-DG
monolayer on water pH 5.5 (black line), basic subphase pH 11 in ab-
sence of guanine (red line) and basic subphase pH 11 containing gua-
nine 10 *M (green line).

As can be seen, in absence of purine base, an increase of subphase
pH leads to two phenomena: (1) an expansion of the molecular area
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Fig 1. 7—A isotherms of a CDP-DG monolayer prepared at air/water interface on differ-
ent subphases: water (black line) and basic subphase pH 11 in absence (red line) and
presence of purine bases, Guanine (green line) and Adenine (blue line), respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

and (2) a shift of the phase transition from 75 A%/molecule and
20mN/m for the film on pure water at neutral pH, upto around
85 A%/molecule and 30mN/m on basic subphase at pH 11. Moreover,
the presence of the guanine in the subphase (Fig. 1, green line) pro-
duces outstanding effects on the CDP-DG matrix as show the regis-
tered isotherms: (i) the 7—A4 isotherm converges to that obtained on
water pH 5.5 at very low (#<5mN/m) and high surface pressures
(25<z<35mN/m)

(i) two phase transitions are clearly distinguished, at low surface
pressures (5<z<10mN/m) and high surface pressures (7>35mN/m).

Furthermore, as molecular recognition control, the 7—4 isotherm of
the CDP-DG monolayer on aqueous subphase containing 10 *M ade-
nine was run. The z—4 isotherm (Fig. 1, blue line) show convergence
at low and high surface pressures with the isotherm obtained in ab-
sence of nitrogenous base (Fig. 1, red line) and any phase transitions.
These results are indicative of any interaction between cytosine group
of nucleolipid and adenine, as expected.

By comparison such 7—4 isotherms obtained on water subphase
in absence of guanine (Fig. 1, black line) and that on pH 11 and
10 *M guanine (Fig. 1, green line), the phase transition registered at
around 5mN/m could be related to that observed on water, although
is shifted to high surface area and low surface pressure. However, the
phase transition at high surface pressures can be related to a molecular
recognition between the cytosine group of the nucleolipid monolayer
and the guanine molecules in the basic subphase.

Simultaneously to the 7—A4 isotherms during the compression
process, the morphological structure of the CDP-DG film at different
subphases, has been directly visualized by BAM. The BAM images
are shown in Fig. 2.

Fig. 2 shows the morphological features of the CDP-CG mono-
layer under compression on different aqueous subphases: the upper
row shows the behaviour on pure water, the middle one corresponds
to basic subphase pH 11, and the lower one to the presence of 1074 M
guanine.

On pure water (Fig. 2A), and at low surface pressure a gas phase is
clearly observed and under compression the CDP-DG molecules form
small circular domains that fused at high surface pressure. However,
when the subphase pH increases (Fig. 2B), some small bright spots are
detected at very large molecular areas and under compression irregu-
lar domains are formed until covering all the focused area. A behav-
iour in between those above is observed when guanine is present in
the basic subphase (Fig. 2C), that is, gas phase at low surface pressure,
formation of small irregular domains during the first phase transition
and covering all the focus area with a monolayer where many bright
spots emerge during the second phase transition.

BAM images, as described previously from the z—A4 isotherm re-
sults, also show the different behaviour of the CDP-DG monolayer
as a function of the subphase pH and notoriously different when gua-
nine molecules are in the basic subphase. Details of the morphological
characteristics of the CDP-DG film on basic subphase in presence of
guanine during the compression process upto the collapse are given in
SI1 (Supporting Information, SI).

As discussed above, the second phase transition registered at the
n—A isotherm of the nucleolipid matrix on basic subphase contain-
ing guanine 10 M can be due to the specific interaction between
guanine and cytosine, that occurs at high surface pressure. Therefore,
to infer on this phenomenon, two compression-expansion cycles of a
CDP-DG monolayer reaching the collapse at approximately 30 mN/m
and 50 A¥molecule, were performed. The results are shown in Fig. 3.

Fig. 3 shows a great hysteresis between 1st and 2nd compression
cycles when the collapse surface pressure is reached during the first
compression process, and a significant shrinking of the isotherm dur-
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Fig. 2. BAM images of a CDP-DG monolayer prepared on different subphases: (A) pure water pH 5.5, (B) basic subphase pH 11 in absence of guanine, (C) basic subphase pH 11
containing Guanine 10~ M. The molecular areas indicated in the images are expressed per CDP-DG molecule. Image width: 430 pm.
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Fig. 3. Compression-Expansion cycles of a CDP-DG monolayer on a basic subphase
pH 11 in presence of Guanine 107*M: 1st compression-expansion (1c—e), black lines
2nd compression-expansion (2c—e), red lines. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

ing the second compression cycle is registered. This phenomenon may
be ascribed to a conformational change of CDP-DG molecules arriv-
ing to the collapse surface pressure and in presence of guanine, com-
plementary nitrogenous base of the cytosine polar group of the nucle-
olipid: before the collapse, the polar group of the nucleolipid mole-
cules are oriented properly to bind the guanine molecules in basic sub-
phase and extending their surface area

by contrary, after the collapse the polar groups of the CDP-DG
molecules redirect ejecting the guanine molecules [28].

Therefore, to confirm the hypothesis above described, several
bounded compression-expansion cycles have been made, and a mono-
layer of CDP-DG on a basic subphase pH 11 containing guanine
10™*M has been compressed and expanded during three cycles upto
27mN/m. The results are shown in Fig. 4. No hysteresis is regis-
tered. Thus, it can be confirmed that before the collapse, the orienta-
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Fig. 4. Bounded expansion-compression cycles of CDP-DG on basic solution pH 11
containing Guanine 10°4M.

tion of the polar group is directed to bind guanine molecules in the ba-
sic subphase.

Details of the morphological characteristics of the CDP-DG film
on basic subphase in presence of guanine during the compression
process upto the surface pressure before collapse, are given in SI2. No
differences between the bounded cycles were noticed.

3.2. PM-IRRAS of CDP-DG nucleolipid transferred by horizontal
touching from the air/water interface to glass support

PM-IRRAS has been widely used for studying of monolayers
formed by phospholipid molecules at the air-water interface [29-36]
and the assignment of the corresponding bands to the different chemi-
cal groups has been described in detail, as well.

The binding of the guanine and polar group of the nucleolipid
molecules is mainly due to the hydrogen bonds as expected for gua-
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nine-cytosine interaction. However, under basic conditions, subphase
pH 11, which are necessary for the dissolution of guanine as ab-
sorbate, an intense negative band between 1800 and 1600 cm ! in the
PM-IRRAS spectra, also recorded on clean subphase (background)
gives rise and similar to that described elsewhere [37]. This artefact
makes impossible to analyze the spectral region of greatest interest at
the air-water interface. Nevertheless, the existence of interactions be-
tween the nucleolipid monolayer and the guanine dissolved in the sub-
phase can be proved on LS films once the modified substrate is rins-
ing with pure water to remove the large bands corresponding to water/
NaOH absorption in the low wavenumber region as showed in SI3.

To confirm the binding of the guanine and polar group of the nu-
cleolipid molecules is mainly due to the hydrogen bonds as expected
for guanine-cytosine interaction, the CDG-DG film prepared on ba-
sic subphase pH 11 was transferred at constant surface pressure ca.
27mN/m on glass support by Langmuir-Schaefer method, and PM-IR-
RAS spectra were measured.

Fig. 5 shows PM-IRRAS spectra corresponding to 10LS layers of
CDP-DG transferred from aqueous interface at pH 11 in absence (blue
line) and presence (red line) of guanine, on the modified substrate has
been rinsed with ultrapure water and dried under air flow, two times.
Also, the selected PM-IRRAS signals of such multilayers and their as-
signments are given in Table 1.

At high wavenumbers two characteristic signals of lipids with
bands originated from C—H stretches at 2917 and 2848 cm ! and as-
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Fig. 5. PM-IRRAS spectra for 10 LS multilayers of CDP-DG film prepared at air-water
interface at surface pressure ca. 27mN/m and aqueous subphase pH 11: (a) in absence
and (b) in presence of guanine 10"*M, blue and red lines, respectively. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1
The major characteristic peaks of CDP-DG and CDP-DG/Guanine LS films and their
possible assignmentsa’b.

assignment CDP-DG CDP-DG/Guanine
V,(CH,), asym stretch 2917 2917

v(CH,), sym stretch 2848 2850

Y(C==0), ester stretch 1726 1740
y(C=0%"*""), stretch 1687 1689
Y(C=08""") stretch 1668

S8(NH,), scissor mode 1649 1641
Y(C=N)+y(C=C), ring stretch 1590 1605

ring stretch 1567, 1542, 1495 1567, 1542, 1497
8(CH,), scissor mode 1462 1465

* Band positions are given in em .
P Reference Wang et al. [38]

signed to the antisymmetric and symmetric CH, stretching modes
[v,(CH,) and v((CH,)] of hydrocarbon chains, respectively, are de-
tected for both films. These wavenumbers are characteristic of prefer-
ential all-trans conformers in highly ordered alkyl chains.

As previously described [39-45], the intensity of the tension vibra-
tions of the methylene group depends on the orientation of the alkyl
chains with respect to the glass substrate. However, as prepared LS
CDP-DG films in the absence and presence of guanine those bands
shown different height (see Fig. 5) and this fact should be mainly at-
tributed to surface concentration rather than to orientation molecular
variations (see Figure SI4). Accordingly to Fig. 1, at about 27 mN/m,
the CDP-DG monolayer prepared at air/water interface on basic sub-
phase pH 11 in absence (red line) has a larger area than that in pres-
ence of Guanine (green line), about 89 vs. 57 A2 Therefore, and taking
into account that the transfer ratio of the LS films is practically one,
the surface concentration can be corrected by expressing the PM-IR-
RAS signal in a normalized manner, that is, multiplying the corre-
sponding spectrum by its registered molecular area under surface pres-
sure. Figure SI4 shows the normalized delta/sigma signal of the bands
va(CH,) and vs(CH,) and as can be seen for both LS films the spectra
practically coincide.

At the region of low wavenumbers, a slightly different behaviour
between those films is observed. Therefore, the vibrational frequency
at 1726cm ! is assigned to the C=0 stretching vibration [£(C=0)],
from the ester group and the band at 1462 cm ' is caused by the scissor
stretch of alkyl chains [§(CH,)]. At the region 1490-1690 cm ', the
small bans are related to the cytosine group stretching. Particularly,
the signals at 1495, 1542 and 1567 cm™ ! are arised from ring stretch-
ing vibration. Additionally, the shoulder at 1590cm ™" is due to the
coupled stretching vibration of C=N and C=C bonds in the cyto-
sine moieties. Furthermore, the broad band detected at 1649 em ! can
be mainly assigned to NH, scissoring vibration, while the shoulder at
1687cm " corresponds to the stretch mode of C=0 group belong to
the cytosine [v (C=0%"*"%)]. Nonetheless, both bands can be also
governed by the hydrogen interactions between neighbour molecules
[C=Ocytosine. . H_Ncytosine_H] )

By contrary, in the case of the CDP-DG multilayers fabricated
from Langmuir monolayer of nucleotide spread onto basic subphase
containing guanine (red line, Fig. 5), the band at 1590 cm! vanishes
and a new one at 1605cm ! emerges. This band can be related to
the C=N stretching vibration links together C=C stretching modes
from each cytosine and guanine rings. These different features for the
two different multilayers suggest a reorganization and/or orientation
change of the cytosine ring group in the nucleolipid molecule probably
due to the formation of hydrogen bonds with the guanine molecules in
the subphase [C=N%"*"¢_ | H—N®&"""] This binding is confirmed
by the shift of the band at 1649cm '~1641cm ' that notes the mol-
ecular recognition between guanine and cytosine by H—N&"""*—
H...0=C%"" and the appearance of a new band at 1668cm ' as-
signed to Y(C=0"""%) and coming from O=C&"*""*  H—Niosine
—H interaction.

Finally, it is noteworthy the shift of the C=O (ester group of
the alkyl chains) stretching frequency happening from 1726 cm ! to
1740cm ' when guanine molecules are in the aqueous subphase dur-
ing the LS process, and corresponding to a dry ether group.

These results not only reproduce those published elsewhere
[38,46], but additionally evidence the strong interaction between the
ring groups of the cytosine and guanine par that leads to a framework
where the orientation of the molecules in the monolayer avoids the hy-
dration of the C=0 groups during the horizontal transfer process.
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3.3. Computer simulations

To predict structures and dynamics between biological adsorbed
molecules and a main-group of inorganic molecules, Dreiding has
been showed as a very suitable tool [47,48]. Thus, molecular mechan-
ics calculations using the Dreiding force field were applied to self-as-
sembled monolayer configurations of the nucleic acid base adenine
adsorbed on graphite surfaces [49]. Also, Dreiding force field has been
used for investigating a wide variety of DNA sequences and sizes con-
taining coding and non-coding, random and real, homogeneous or het-
erogeneous sequences in the range from 2 to 40 base pairs. Dreiding
force field has been shown to improve the accuracy that the geometry
of the hydrogen system adopts by using the 10-12 terms and includes
the angle between the hydrogen donor (D), the hydrogen (H), and the
hydrogen acceptor (A) [50]. Additionally, a series of porphyrinogens
related to coproporphyrinogen-III have been modeled by molecular
dynamics simulations (Dreiding force field). The results demonstrated
that the porphyrinogen framework is highly flexible and can take on a
number of conformations. Hydrogen bonding interactions to propionic
acid side chains have a significant influence on the preferred confor-
mations of these species, although this is overwhelmed by interactions
with water molecules for solvated porphyrinogen [51].

On the basis of the potential suitability of Dreiding above de-
scribed, here it has been applied for the simulation of DNA base-pair-
ing.
Each box was built incorporating 4 nucleolipid (CDP-DG) units
per leaflets. The dimensions along the x- and y-axis depend on simu-

Table 2
XYZ dimensions values of the computational box.
X-axis nm y-axis nm 7 mN/m AN nm?
Absence 3.0 22 5 1.65
2.14 1.53 30 0.82
Presence 2.42 1.82 5 1.10
1.8 1.12 30 0.5

lated surface pressures (5 and 30mN/m). The dimensions obtained
both in presence and absence of guanine are shown in Table 2.

Snapshots of the system at low surface pressure have been depicted
in SI4: in absence (SI5A) and in presence (SISB) of guanine.

As above described, the nucleolipid isotherms at the air-water in-
terface, in the absence or presence of the guanine at the aqueous sub-
phase, show significant differences. Briefly, those differences due to
the presence of guanine are fundamentally three: (1) large reduction of
the surface area per nucleolipid molecule;( 2) decrease of the surface
pressure at which the phase transition occurs, that is, 30 mN/m in the
absence whilst 5mN/m in the presence of guanine

and (3) drop of the collapse surface pressure.

The MD simulations show that at low surface pressure (5SmN/m),
and in absence of guanine, the cytosine group is folded, so that its
plane is located almost parallel to the interface. However, in presence
of guanine, the polar group of the nucleolipid molecules at the matrix
in the interface modify its conformation extending into the aqueous
subphase, as a result of the formation of hydrogen bonds between cy-
tosine and guanine. This phenomenon explains accordingly the con-
traction of the nucleolipid isotherm in Guanine presence with respect
to that measured in absence of the purine base, see Fig. 1.

Also, at high surface pressure, a surface area reduction is appre-
ciated. Thus, at 30mN/m, the surface area per CDP-DG molecule in
guanine absence is ~0.8 nm?, while in guanine presence is approx.
0.5nm’. The MD simulation indicates that the nucleolipid undergoes
a conformational change as a consequence of the formation of hy-
drogen bonds between cytosine and guanine, see Fig. 6. However,
such shrinkage of the surface area cannot be explained because ex-
clusively on the conformation change: strong repulsion between neg-
atively charged phosphate groups of the NL units can be expected.
The analysis of the results obtained by MD simulation shows that the
units of guanine and cytosine are separately stacked at distances of
the order of 0.33nm, see Fig. 6. Thus, the stacking occurs not only
between guanidine groups, but also between the cytosine groups be-
longing to the polar group of the nucleolipid molecules. The pi—stack-
ing (also called n—r stacking) is a noncovalent attractive interac-
tion between aromatic rings. This stacking not only stabilizes the

Fig. 6. MD simulation of the system CDP-DG in presence of guanine: (a) full system, (b) Hydrogen bond formation between guanine and cytosine groups, (c) lateral view of the
periodic system, (d) frontal view of the periodic system, (e) view of the molecular organization of a system formed only by guanine molecules.
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monolayer, but also favors its contraction and partially compensates
the repulsion energy between phosphate groups.

Furthermore, this strong stacking should be the reason for the de-
crease of the surface pressure at which the phase transition occurs
when guanine is present in the aqueous subphase (~5mN/m), com-
pared to that registered in its absence (~30 mN/m).

As discussed above, the third effect of the guanine presence on the
CDP-DG isotherm, see Fig. 1, is the drop of the collapse pressure.
In previous works [52,53], it has been observed that certain well-or-
ganized monolayers may collapse toward trilayers where first and
third monolayers organize the polar headgroups pointing to the aque-
ous subphase, whereas the intermediate layer displays the polar head-
groups pointing to the air. In such a way, the polar groups of the mono-
layers further away from the water must be in contact. Those type of
trilayers are stabilized by the strong attractive interactions between the
head groups in contact [53]. Therefore, in the present work as previ-
ously described, the collapse of the CDP-DG isotherm may be favored
by attractive interactions like stacking-type interactions between the
guanine molecules of the alternating layers, see Fig. 6.

3.4. Dilution of CDP-DG monolayer by fabrication of mixed CDP-
DG:DMPA films at the air-water interface

The combination of nucleic acid derivatives with lipids renders hy-
brid materials with interesting applications and can confers proper-
ties of interest to the system, like biocompatibility, biodegradability,
etc. Also, to make easy the handling with synthetic amphiphilic nucle-
olipids, a dilution of the cytosine-based nucleolipid monolayer with a
lipid is considered. Therefore, to organize the CDP-DG molecules in
a lipid environment approaching to a membrane arrangement, the nu-
cleolipid was mixed with DMPA phospholipid.

Previously, as reference 7—A isotherms of DMPA Langmuir films
prepared on different subphases: on pure water, basic subphase in
absence and presence og guanine, and basic subphase with adenine
(SI6). The results note differences between netral or basic subphases,
an expansion of the isotherms at low surface pressure upto reaching
the phase transition at ca. 35 mN/m and shrinkage after the phase tran-
sition. Further, such effect is not related to the presence of the nitroge-
nous bases in the basic subhases, it seems to be related only with the
increases of pH.

Simultaneously to the isotherms, BAM images were taken during
the compression process (SI7). The morphological features of DMPA
monolayer on the different basic subphases pH 11 in absence and pres-
ence of guanine 107*M are clearly different of the corresponding for
DMPA on pure water [54]. The images show a the effect on the do-
main formation under compression of the monolayer: in presence of
guanine, the domains significantly reduce their size to form small dots
and the anisotropy detected in the leave like domains typical of DMPA
on water subphase disappears.

Following, mixed DMPA:CDP-DG films were prepared en differ-
ent molar ratio (1:0

5:1

2:1

1:1

1:2

0:1). As an example, Fig. 7 shows the variation of 7—4 isotherms
due to the dilution effect of DMPA molecules in the mixed
DMPA:CDP-DG 1:1 monolayer fabricated at air/water interface with
basic subphases in absence of purine derivatives (black line), as ref-
erence, and in presence of Guanine 10*M (red line) and Adenine
10 *M (blue line). Furthermore, the selectivity interaction between ni-
trogeous pair bases in the mixed monolayer was also explored. The
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Fig. 7. n—A isotherms of a mixed DMPA:CDP-DG 1:1 monolayer fabricated at air/wa-
ter interface with basic subphases in absence of purine derivatives (black line), as refer-
ence, and in presence of Guanine 10*M (red line) and Adenine 107*M (blue line). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

results clearly demonstrate the specificity between nucleic bases in
spite of the dilution of the nucleolipid monolayer with phospholipid
molecules. Details of the 7—4 isotherms recorded on basic subphases
in absence and presence of guanine 107*M, as well as the morpho-
logical characteristics are shown in SI8-SI10. The z—A isotherms were
repeated at least three times and good reproducibilitly was obtained.
From the isotherms show in SI8-SI10 can note that the dilution of
CDP-DG with DMPA is better when the nucleolipid concentration is
higher.

An understanding of the interaction between CDP-DG and DMPA
is provided by means of a miscibility study. The nature of the misci-
bility can be investigated from the variation of mean molecular area,
A, versus surface pressure, A, (1) =X,4,() +X,4,(p), Eq. (1), where
A; is the molecular area of the pure component i film at the relevant
surface pressure and X is the molar fraction of the component i in the
mixed film.

Coincident areas would correspond to a situation in which a pure
DMPA monolayer coexists with the equimolecular mixed film at the
air—water interface. Obviously, deviations from the additivity rule in
the isotherms suggest that the molecules are differently arranged along
that pressures range. Deviations from the additivity rule are expected
as a result of special molecular organization characteristics such as
filling of the empty space by one component or changes in molecular
packing as a result of interlocking of the different components. The
size of the deviation, the form of the curves, and the mole fraction for
which the maximum deviation occurs will depend strongly on the am-
phiphilic nature of the two components in the mixed layer [S5-57].

The comparison between the experimental molecular areas (sym-
bols) with the mean molecular areas, calculated by Eq. (1), at differ-
ent surface pressure is shown in Fig. 8, in which it can be seen clearly
that the mixed monolayers, in absence of guanine, do not follow the
additivity rule. Miscibility results show a positive deviation behaviour
over the ideality in basic subphase. The experimental molecular areas
in all cases are larger than the corresponding calculated isotherm. Fur-
thermore, the positive deviation from the additivity rule depends on
the molar fraction of the CDP-DG in the mixture, becoming larger as
the density of cytosine-based nucleolipid in the mixed film decreases.

As the mixed film is compressed, the distance between molecules
in the monolayer decreases and their hydrophobic interactions in-
creases. Consequently, the mixture of CDP-DG and DMPA exhibits a
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positive deviation from the additivity rule. When the mixed film is
compressed further, those interactions become so strong that the am-
phiphilic molecules become less complatible and different regions can
be formed, as detected in BAM images (SI10a).

Surprisingly, such phenomenon does not occurr when guanine is
present in the basic subphase: as a funtion of the surface pressure, the
deviation of the mixed monolayer with respect to the additivity rule
is slightly negative at low surface pressure, almost coincident at inter-
mediate surface pressures, and slightly positive at high . This behav-
iour is in good agreement with the BAM images shown in SI10b. With
Guanine the molecular organization of the mixed film is because a hy-
pothetical situation of two coexisting immiscible monolayers.

4. Conclusions

In this work, monolayers of a hybrid cytosine-based nucleolipid,
CDP-DG, at basic subphase have been prepared at the air-water inter-
face both in absence and presence of guanine by mechanical stimu-
lus. The 7—A isotherms and successive compression-expansion cycles
highlight different organization of the CDP-DG in presence of gua-
nine as a function of the surface pressure during the mechanical stim-
ulus, that is, below or above phase transition. Differences were also

directly observed by BAM. Furthermore, PM-IRRAS spectra of Lang-
muir-Schaefer CDP-DG monolayers suggest a reorganization and/or
orientation change of the cytosine ring group in the nucleolipid mol-
ecule probably due to the formation of hydrogen bonds with the gua-
nine molecules in the subphase. These results also evidence the strong
interaction between the ring groups of the cytosine and guanine par.
Finally, computer simulations show how as a function of the surface
pressure, in absence of guanine, the cytosine group is folded, so that its
plane is located almost parallel to the interface. However, in presence
of guanine, the polar group of the nucleolipid molecules at the matrix
in the interface modify its conformation extending into the aqueous
subphase, because of the formation of hydrogen bonds between cyto-
sine and guanine.

The present work presents an approach combining experimental
with molecular dynamics (MD) simulation techniques, that with re-
spect to previous research, this approach allows to describe in more
detail the molecular recognition between cytosine and guanine mole-
cules in an architecture prepared at the air—water interface by using a
novel chemical system.

Just like that, by combining surface experimental techniques, i.e.,
surface pressure (7)—area (4) isotherms, Brewster angle microscopy
(BAM), infrared spectroscopy (PM-IRRAS) with computer simula-
tions, not only the formation of the complementary base pairing (Cy-
tosine-Guanine) established mainly by hydrogen bonds, is demon-
strated, but also is provided the folding of the cytosine-based nucle-
olipid molecules in the monolayer is forced to change its orientation
during the compression process and the guanine recognition in the ba-
sic subphase. Moreover, that change orientation is reversible during
several compression-expansion processes under set experimental con-
ditions.

Furthermore, the specific interaction between nitrogenous bases
has been also demonstrated along the study of the CDP-DG monolayer
fabricated at the air-water interface. Finally, the dilution of the cyto-
sine-based nucleolipid monolayer with DMPA has resulted in mixed
monolayers where a slight segregation between two molecules has
been inferred by the additivity rule.

From what is reported, this approach can inspire the study of recog-
nition in more complex 3D systems like bilayers, liposomes, QCM,
etc.
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