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ABSTRACT

The object of this survey is the interaction between polyanions
and negatively charged membranes as mediated by multivalent cations.
This phenomenon appears in the formation of anionic lipoplexes, which
are mesoscopic assemblies formed from negatively charged liposomes
and polynucleotides in the presence of multivalent cations. The interest
in this sort of systems is due to its capability to transport genetic material
inside the cell, allowing access to a therapeutic target at a molecular
level. Their main advantage over other kinds of vectors used in gene
therapy is that, since they are formed by lipids occurring in the cell
membrane, their toxicity is much lower. The basic research we address
in this project about the nature of the interactions involved in anionic
lipoplexes is essential to understand the mechanisms underlying their
formation, stability and function. Thus, in the present work we carry out a
characterization of the membrane-cation-polyanion system through a

combination of experimental and theoretical approaches.

The manuscript begins with an introduction where we summarize
the state of the art of the biophysics of anionic lipoplexes. Firstly, we list
the results about the structure and function of a variety of systems
prepared in solution. Next, we introduce the study of complexation at the
air-water interface as an experimental model to look into the influence of
other factors such as lateral packing. Finally, we describe the application
of theoretical models to predict the factors governing the formation and
structure of this kind of complexes. Later on, we formulate the aims of
this research project in agreement with the approaches mentioned in the

introduction.

In the methodology section, we detail the experimental and



ABSTRACT

simulation protocols used. In particular, we have set up the Langmuir-
Blodgett technique for film deposition and atomic force microscopy
imaging of the structures at the interface, in our laboratory. We have
performed infrared reflexion-absorption spectroscopy measurements
during a short training stay in the Max Planck Institute for Colloids and
Interfaces in Potsdam (Germany). We have also programmed the
source code used in coarse grain simulations. We have carried out
fluorescence spectroscopy measurements through a collaboration in the

Physical Chemistry Department in the University of Granada.

Afterward, we thoroughly discuss the results obtained and the
publications to which they have given rise are listed in the annex. We
have organized result presentation from the strategy employed to study
the complexation. First, we show the results obtained from the
characterization of the interaction at the air-solution interface, visualizing
the resulting structures and identifying the functional groups involved;
then, we evaluate DNA encapsulation capability in solution and, in the
end, we show the results concerning the theoretical study of the role of

electrostatic interactions in complex formation and stability.

Finally, we enunciate the conclusions based on the results of this
work. In this way, we have learned that interactions of different nature
combine to form anionic lipoplexes. Especially, surface effects derived
from the lateral packing modulate the morphology of the structures
formed at the interface, while electrostatic interactions affect in a
decisive way to complex stability. After assessment of the work done, we

consider that, based on the knowledge gained in this research we begin
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ABSTRACT

to wunderstand the mechanisms involved in DNA/anionic lipid
complexation. However,it is necessary to improve the approaches
chosen here in combination with other strategies, in order to elucidate
the group of interactions that take place in these complex systems. Only
by understanding the fundamentals of formation, stability and function of
anionic lipoplexes, we may be able to rationally design optimized

formulations for a biomedical performance.
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RESUMEN

El objeto de este estudio es la interaccion entre polianiones vy
membranas cargadas negativamente mediada por cationes
multivalentes. Este fendmeno se pone de manifiesto en la formacion de
lipoplejos anidnicos, que son agregados mesoscopicos formados a
partir de liposomas con carga negativa y polinucle6tidos en presencia
de cationes multivalentes. El interés en este tipo de sistemas se debe a
su capacidad para transportar material genético al interior celular,
permitiendo el acceso a una diana terapéutica a nivel molecular. Su
principal ventaja frente a otro tipo de vectores usados en terapia génica
es que, al estar formados por lipidos presentes en la membrana celular,
su toxicidad es mucho menor. La investigacion basica que nos
planteamos con este proyecto sobre la naturaleza de las interacciones
presentes en los lipoplejos anidnicos es esencial para comprender los
mecanismos responsables de su formacion, estabilidad y funcion. Asi,
en el presente trabajo realizamos una caracterizacion del sistema
membrana-catién-polianion combinando enfoques experimentales y

teodricos.

El manuscrito comienza con una introduccion donde se resume el
estado del arte de la biofisica de lipoplejos anidnicos. En primer lugar,
se recopilan los resultados relacionados con la estructura y funcién de
una variedad de sistemas preparados en disolucion. Seguidamente,
presentamos el estudio de la complejacién en la interfase aire-agua
como un modelo experimental para indagar en la influencia de otros
factores como el empaquetamiento lateral. Finalmente, describimos la
aplicacién de modelos tedricos para predecir los factores que gobiernan

la formacién y la estructura de este tipo de complejos. Mas adelante,
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planteamos los objetivos del proyecto de investigacién de acuerdo a los

enfoques mencionados en la introduccion.

En la seccion de metodologia, detallamos los protocolos
experimentales y de simulacion empleados. En particular, la deposicidon
de peliculas por el método de Langmuir-Blodgett y la visualizacién por
microscopia de fuerzas atémicas de las estructuras presentes en la
interfase se ha puesto a punto en nuestro laboratorio. Las medidas de
espectroscopia de reflexidn-absorcion de infrarrojo se realizaron
durante una estancia de formacion en el Instituto Max Planck de
Coloides e Interfases en Potsdam (Alemania). También se ha
desarrollado el cédigo fuente de los programas utilizados para llevar a
cabo las simulaciones computacionales sobre modelos de grano
grueso. Las medidas de espectroscopia de fluorescencia se realizaron
a través de una colaboracion en los laboratorios del Departamento de

Quimica-Fisica de la Universidad de Granada.

A continuacion, discutimos ampliamente los resultados obtenidos,
y las publicaciones a las que han dado lugar se recogen en un anexo.
La presentacion de los resultados se organiza en funcion de la
estrategia utilizada para estudiar la complejacidn. Primero, presentamos
los resultados procedentes de la caracterizacion de la interaccion en la
interfase aire-disolucién, visualizando las estructuras resultantes e
identificando los grupos funcionales implicados; después, evaluamos la
capacidad de encapsulamiento de ADN en disolucién y por ultimo,
mostramos los resultados del estudio tedrico sobre el papel de las

interacciones electrostaticas en la formacion y estabilidad de los

21



RESUMEN

complejos.

Finalmente, enunciamos las conclusiones en funcion de los
resultados del trabajo. Asi, hemos demostrado que interacciones de
distinta naturaleza concurren en la formacion de los lipoplejos
anidénicos. En particular, los efectos superficiales derivados del
empaquetamiento lateral modulan la morfologia de las estructuras que
se forman en la interfase, mientras que las interacciones electrostaticas
afectan de manera decisiva a la estabilidad de los complejos. Tras
valorar el trabajo realizado, consideramos que a partir del conocimiento
adquirido en esta investigacion es necesaria una caracterizacion mas
amplia, profundizando en los enfoques escogidos en combinacion con
otras estrategias, permitiendo desentrafiar el conjunto de interacciones
que intervienen en estos sistemas complejos. La comprension de
aspectos basicos de la formacién, estabilidad y funcion de los lipoplejos
anionicos sera de gran ayuda para el disefio de férmulas optimizadas

para prestaciones biomédicas.

22



CHAPTER 1: INTRODUCTION

1.1. BACKGROUND. FROM CATIONIC TO ANIONIC
LIPOPLEXES.

Lipoplexes are mesoscopic complexes generated from the
spontaneous reaction of liposomes with nucleic acids (DNA or RNA).
Their capability to encapsulate genetic material make them good
candidates as non-viric gene delivery vectors. In fact, lipoplex
characterization and development have been motivated by its
application in gene therapy. Briefly, gene therapy consists in introducing
genetic material in damaged cells (target cells) either to repair or replace
damages in the cellular genome or to silence the expression of certain
sequences and thus to treat many inherited or acquired human
diseases. Implementation of this biomedical approach requires efficient
and biocompatible vectors as gene vehicles for transfection (introduction
of foreign genetic material inside the cell). Vectors derived from virus
have shown high transfection rates, but they have shown problems as
side-effects, immune response, limited capacity to transport DNA,
recombination and high cost'6465253721€2 |n order to overcome these
drawbacks, alternative non-viric vectors are being synthesized and

optimized.

Since the early 60s, the research aims to combine the DNA with
chemical substances which are able to electrically neutralize,
complexate and condensate the DNAZ?'397019  Since the early 1980s,
chemical transfection methods, based on liposome vectors (lipoplexes),
emerge as an alternative to overcome the lack of efficiency found in the

rest of chemical methods*. However, despite great progresses in
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relation to the use of lipoplexes in gene therapy, the use of these gene
vehicles is still in an early stage principally due to their low transfection
capacity with regard to the viral vectors. Nonetheless, as predicted
Danilo D. Lasic (1952-2000), pioneer of the application of liposomes in
medicine, a good understanding of the physicochemical properties of
the lipoplexes contributes significantly to the increase in their rates of

transfection.

Depending on the electric charge sign of the liposomes used to
complex the nucleic acid, we differentiate two different sorts of
lipoplexes: i) cationic lipoplexes, prepared from the direct interaction
between cationic liposomes and DNA,; ii) anionic lipoplexes, in which the
the interaction between negatively charged liposomes and DNA is
mediated by multivalent cations. Both sorts of lipoplexes usually contain
also helper zwitterionic lipids that dilute the surface charge density and
improve transfection efficiency®'®’. Concerning cationic lipoplexes,
these complex the DNA giving rise to a great variety of structures where
the cationic lipid bilayers appear as the polycations with the capability to
compact the DNA and to form a supramolecular assembly with
applications in gene delivery®"'7127137.142163 Thege complexes facilitate
the transfection owing to the similarity between the cell membrane and
the bilayer lipid membrane which yields endocytosis (process whereby
cells absorb material from the outside). However, cationic liposomes
induce a large number of adverse effects for DNA delivery. For instance,
the use of cationic liposomes to deliver nucleic acids to cells is

inappropriate due to the lack of efficiency in the transfection, the

24



CHAPTER 1: INTRODUCTION

instability of storage, the potential toxicity of the cationic lipid in a cellular

29.41425168.78.84.118 Cationic lipoplexes can be inactivated

environment, etc.
in the presence of serum and they are not likely to maintain their stability
upon intravenous injection as a consequence of the presence of high
concentrations of negatively charged plasma proteins and circulating
blood cells®'®*. Regarding the toxicity, experimental studies have shown
that they cause cytotoxicity in both, in-vitro and in-vivo®#'42687818 Eqr
instance, Filion and Philips studied cationic lipoplexes based on 1,2-
diacyl-3-trimethylammonium propane or DDAB as cationic lipids in
combination with the zwitterionic lipid DOPE as a helper lipid*
(frequently used to form cationic lipoplexes*'®"™'3") "In particular, these
authors evaluated, among other things, the toxicity of different DOPE-
cationic lipoplexes towards phagocytic macrophages and non-
phagocytic T-lymphocytes. According to their results, this kind of cationic
lipoplexes resulted extremely toxic. As a consequence, they claimed that
alternatives to cationic liposomes for gene therapy should be considered
in order to avoid dose-limiting and adverse effects*'*2. With the same
spirit, Patil et al. studied delivery of plasmid DNA in mammalian cell
cultures using anionic lipoplexes formed by mixtures of DOPE and
anionic DOPG lipids™®. According to their results, toxicity of lipoplexes
prepared from naturally occurring anionic and zwitterionic phospholipids
revealed lower than the commercial cationic lipoplex Lipofectamine®.
Later, Lv et al. reported a very complete review with respect to the
toxicity of cationic lipids and polymers in gene delivery in which a

relationship of toxicity and structure of diverse cationic compounds was
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provided™.

Recent investigations have revealed the complexation of anionic
liposomes with DNA (anionic lipoplexes) as an alternative to classical
cationic lipoplexes due to their lower cytotoxicity**6061.74.99.100.104-
107,109,118,120.140,141.145.167 - However, since both anionic lipids and DNA are
negatively charged, cations are required as bridges between them. In
this sense, monovalent cations are inappropriate due to their poor
binding affinity with lipid headgroups®. Instead, multivalent metal
cations, principally Ca?**, have been employed to form anionic
lipoplexegs**60.6165104.105109.118.120 - Prggisely, this thesis is devoted to
analyze in depth the experimental and computer simulation results
concerning the complexation procedure of anionic lipoplexes as well as
the interactions at the surface between anionic lipid monolayers and
DNA mediated by cations. Given that, at some stage of the transfection
process, the interfacial properties of these compounds are involved;
their surface properties are of major importance for understanding the
penetration (adsorption) mechanism of DNA and for identifying the
conformational changes involved in the membrane. In this regard,
Langmuir monolayers are a versatile and well established
characterization method which allows elucidating structural and
mechanical properties of lipid surfaces. Furthermore, Langmuir
monolayers serve as substrate to complementary techniques such as
SPM'® BAM®, fluorescence imaging™*', IRRAS®, VSFG"*, SHG®,
etc. These allow visualization of the interfacial material and provide

further structural details rendering Langmuir monolayers a very
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attractive experimental method to study the interaction of DNA with

lipids.

In addition, theoretical models and computer simulations related
to the adsorption of DNA onto likely charged surfaces mediated by
cations have been employed to elucidate the nature of the interactions
responsible of anionic lipoplex formation and to predict its structure, as
well. In particular, coarse grain (CG) models, in which several atoms are
grouped together into effective interaction sites, appear as a satisfactory
tool to study many phenomena that lie within the mesoscopic spatio-
temporal scale. In a biological context, examples of such phenomena
are protein—protein interactions, lipid—protein interactions, and
membrane—membrane interactions™®. In fact, CG models implemented
by Monte Carlo (MC) simulations have been previously used to describe
theoretically the physical properties of cationic and zwitterionic lipid—
DNA complexes***. For the case of polyelectrolytes, Dias and Pais
reported a complete review in which they discussed results from
computer simulations based on CG polyion models applied to the
conformation of polyanions (PAs) as well as their condensation in bulk,
induced by multivalent ions and oppositely charged polycations. They
also studied the PA condensation in responsive charged surfaces.
However, the case of adsorption of such polyions onto likely charged

surfaces mediated by multivalent cations was not reported®.

Beyond the CG models, conventional all-atomic Molecular

Dynamics (MD) simulation is a well-established technique in order to
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simulate the structure and dynamics of soft matter in general, and of

biomolecular systems in particular’®

. Approaches derived from CG
models are correct in many situations but can become inaccurate for the
so-called /ast nanometer phenomena®. These are interfacial processes
with length scales of the order of the nanometer, whose description
requires the inclusion of atomistic detail of the lipids. Examples of these
phenomena are ion binding®® % membrane adhesion, the
sequestering of lipids by other biomolecules” and membrane
crystallization'?. However, the high computational cost makes this
simulation technique difficult to implement to the cation-mediated DNA
adsorption onto phospholipid films. Faraudo and Martin-Molina have
reported the first results in this field, showing the role of Ca® in
mediating the interaction between a PS membrane and DNA®*.
Importantly, they describe a mechanism of the DNA adsorption based on
amino groups exposition outer the membrane and their higher
availability to form ion pairs with DNA phosphate groups, upon Ca?

adsorption onto the PS membrane.

Alternatively to simulations, compaction of DNA by cationic
liposomes has been also theoretically analyzed by a phenomenological
theory put forward by Nguyen and Shklovskii''®. This theory provides
phase diagrams that contain information about the liposome and DNA
concentration necessary to have either anionic or cationic isolated
lipoplexes or also clusters of lipoplexes™" """ Unfortunately,
quantitative predictions for chemical contributions (hydrogen bonding,

solvation effects...) cannot be readily established from chemical
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structure or physical property considerations. The only direct way to
estimate the strength of these chemical contributions seems to be from
the adsorption behavior at high salt concentrations, where the
electrostatic contributions are gradually expected to become less
important. Also, numerical calculations of the mean-field electrostatic
free energy of a zwitterionic lipid monolayer-DNA complex support
experimental observations where DNA adsorbs onto zwitterionic lipid

monolayers in the presence of divalent cations' .

To sum up, combination of different approaches is required to go
in depth in the understanding of anionic lipoplexes. Research about the
nature of the driving forces leading to anionic lipoplex formation and
nucleic acid release upon cell uptake may allow designing valuable
formulations from the biomedical point of view. This idea is schemed in
fig. 1.1, where complementary methods such as in vitro assays
(transfection efficiency, cytotoxicity); physicochemical measurements of
anionic lipoplexes in solution (or in bulk); study of cation-mediated DNA
binding to lipid films at interfaces and theory, including simulation
techniques are combined to extend the biophysical characterization
towards the formulation tuning in the anionic lipoplex preparation to

achieve a successful biomedical performance.
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In the next sections, we review the state of the art of biophysical
characterization of anionic lipoplexes. We first discuss experimental
evidence about anionic lipoplex formation in bulk and then, we review
the current literature about phospholipid monolayer/M?*/DNA
complexation at the air-water interface. Later on, we deep into lipoplex

models and simulation with both CG and all-atomic approaches.

METHODS AIM APPLICATIONS

Formulation optimization

Biophysical characterization
of anionic lipoplexes

Biomedical performance

Formation and stability

Figure 1.1. Mind map about different approaches to describe anionic lipoplex

biophysical properties, creating basic knowledge to design adequate formulations for
their biomedical performance.
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1.2. EXPERIMENTAL EVIDENCE

1.2.1. Anionic lipoplexes. Formulation and transfection efficiency.

As mentioned above, anionic lipoplexes become an alternative to
classical cationic lipoplexes due to their lower cytotoxicity. In this sense,
the group of Prof. Mozafari pioneered the use of anionic lipoplexes since
the early 90s (see references '®'%® and references cited therein). This
group has specialized in the preparation and optimization of anionic
lipoplexes reporting new strategies to incorporate polynucleotides to
anionic liposomes by the mediation of divalent cations. For example,
they have characterized the aggregation behavior of PC/DCP/CHOL
SUV and MLV liposomes in the presence of both DNA and Ca?" cations
at the same time, deducing the formation of lipoplexes at Ca?*
concentrations higher than 10 mM™*'%®_ In addition, Mozafari et al. have
developed a scalable and safe method to prepare non-toxic anionic
lipoplexes based on an original heating procedure so-called Heating
Method (HM), in which no volatile organic solvent or detergent is
used'”’. Therein, the authors indicated that HM-liposomes were
completely non-toxic in human bronchial epithelial cells (16HBE140-),
whereas conventional liposomes prepared by the usual thin-film method
revealed significant levels of toxicity'%'"”. They successfully used these
lipoplexes to transfer plasmic DNA (pcDNA3.1/His B/lacZ) to this cell
line'®. Moreover, this group is skiled in the morphological

characterization of the structure of the resulting complexes by diverse
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techniques of microscopy, e.g. TEM micrographs of anionic lipoplexes
revealed a fusogenic character of Ca?*/DNA when added to
DPPC/DCP/CHOL 7:2:1 liposomes (fig. 1.2)'%'% As a consequence,
the investigation performed by this group has inspired other researchers
in the use of anionic lipoplexes for applications in gene therapy and
thus, the number of experimental studies has grown vertiginously in the

last decade.

(@) ®) 1

Figure 1.2. TEM micrographs of anionic lipoplexes. Three or four semi-fused vesicles
are observed. Anionic liposomes were made of DPPC/DCP/CHOL in a 7:2:1 molar
ratio; CaCl, was at 50 mM and plasmid DNA was added in a total lipid-DNA 7:1 mass
ratio. Reprinted with permission from ref. '%. Copyright (2007) Elsevier.

For instance, Patil et al. performed a biophysical characterization
of DOPE/DOPG/Ca*/DNA lipoplexes. They used electrokinetic
techniques to demonstrate that Ca®* interaction with plasmid DNA also
induces restructuring of DNA that facilitates the transfection.

Furthermore, they used circular dichroism and fluorescence
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spectroscopy techniques to show how a plasmid DNA underwent a
conformational transition due to compaction and condensation upon
Ca*-mediated complexation with anionic liposomes. In addition, they
proved that these structural changes were different to those found in
cationic lipoplexes or in complexes Ca*/DNA. As a consequence they
concluded that DNA cellular uptake, intracellular trafficking and
transfection of anionic lipoplexes may involve different and more suitable
pathways compared with other DNA delivery systems'®. Patil et al. also
carried out studies concerning DOPE/DOPG/Ca®/DNA anionic
lipoplexes for plasmid DNA delivery into mammalian cells in-vitro*'®.
The resulting transfection and toxicity assays were evaluated in CHO-K1
cells achieving an efficient delivery of plasmid DNA with anionic
lipoplexes™®. In this way, these authors demonstrated that biophysical
characterization of anionic lipoplexes can be used to identify formulation
conditions and electrochemical properties for achieving optimal
transfections'. Afterward, this idea was followed by Srinivasan and
Burgess, who also used DOPE/DOPG liposomes to study the role of
Na*, Mg? and Ca* at different lipid-DNA ratios to transfer plasmid DNA
in CHO-K1 cells'. Hence, they carried out a biophysical
characterization of the resulting lipoplexes by using techniques of
particle size (DLS), zeta potential, gel electrophoresis and TEM to
optimize the formulation for these anionic lipoplexes. As a result, they
obtained 78 % transfection efficiency and 93 % cell viability for the
optimized system: DOPE/DOPG 4:1 (mol/mol); 15-20 mM Ca?*; and 15-
20 ug total phospholipid for complexation with 0.8 pg plasmid DNA.
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Interestingly, the authors demonstrated that the transfection efficiency of
anionic lipoplexes is similar or higher than with cationic lipoplexes but
the cellular toxicity was substantially smaller when anionic liposomes

were used™®.

More recently, Kapoor et al., using DOPE/DOPG liposomes again,
have demonstrated that physicochemical attributes of anionic lipoplexes
can be used to estimate in-vitro activity of anionic lipid-based ternary
siRNA complexes and understand their morphology correlating the
lipoplex assemblies with biological activity®®. They determined the
amount of siRNA complexated within anionic lipoplexes by analyzing the
amount of siRNA released upon EDTA treatment; additionally, they
calculated the amount of siRNA encapsulated inside anionic lipoplexes
from the difference between the siRNA released upon treatment with
TX-100 surfactant and EDTA (encapsulated + complexated) and with
EDTA (complexated). Based on their experimental characterization, they
proposed a model representing the lipid/siRNA association within the
anionic lipoplexes as a function of the anionic lipid/siRNA charge ratio
that proves the existence of a synergistic role of lipids and Ca?" in
associating with siRNA to form anionic lipoplexes. At low anionic
lipid/siRNA ratios, the whole siRNA loading of anionic lipoplexes is due
to Ca?*-complexation. In contrast, at high anionic lipid/siRNA ratios, Ca®*
primarily contributes to siRNA complexation whereas DOPE lipids
contribute to siRNA encapsulation. From measurements of the biological
activity of DOPG/DOPE/Ca?/siRNA in terms of silencing efficiency in
breast cancer cells (MDA-MB-231), the authors deduced that it was
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complexation and not encapsulation what favored silencing efficiency.
Finally, the formulation was optimized at the anionic lipid/Ca?/siRNA
charge ratio of 1.3/2.5/1, showing a maximum silencing efficiency owing
to the high siRNA loading and the retention of the loaded siRNA in the
presence of serum®. The excess of Ca* in the optimized formulation
highlights the role of the cation in the biological performance of anionic

lipoplexes.

With the aim of further understanding the structural aspects of
anionic lipoplexes, Liang et al. investigated the structure and
interactions of anionic lipoplexes in the presence of different divalent
metal cations such as Mg?*, Ca*, Co%*, Cd*, Mn* and Zn* by
performing SAXS experiments and confocal microscopy’. According to
them, anionic lipoplexes self-assemble into a lamellar structure at low
charge densities of the lipid membrane (fig. 1.3A). This lamellar
assembly consisted of alternating layers of like-charged DNA and
anionic membranes bound together with divalent cations. As the
membrane charge density increased, they observed how the DNA was
expelled from the complex and a sandwich-like structure resulted among
lipid membrane sheets and divalent cations (fig. 1.3B). This transition
between the two structures was also induced by increasing the
concentration of divalent cations. Moreover, the system forms an
inverted hexagonal phase comprised of a hexagonal array of divalent
cation-coated DNA strands wrapped by anionic lipid monolayers (fig.
1.3C). In addition, it was reported that divalent cations (especially Zn?")

could also coordinate nonelectrostatically with lipid molecules and
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modify the resulting structure™. Later, Khiati et al. performed also SAXS
studies of novel anionic nucleotide based lipids for DNA delivery and
expression®. According to them, the structure of the complexes is
strongly dependent on the formulation being the transfection enhanced
by inverted hexagonal structures. In cooperation with the structural
aspects of anionic lipoplexes, the equilibrium constants for the binary
complexes Ca®*-lipid, Ca®*-DNA and DNA-lipid provide the basis for the

electrotransfer of gene-DNA into biological cells and tissue*.

Figure 1.3. Schematic pictures of self-organized structures of anionic lipoplexes
mediated by divalent cations. (A) Condensed DNA—ion—membrane lamellar structure
with alternating layers of DNA and anionic membranes glued together by divalent
cations. (B) Condensed ion—membrane lamellar structure in which charged
membranes stacks are held together by divalent cations. (C) 2D inverted hexagonal
structure in which hexagonal arrays of divalent cations coated DNA strands wrapped in
the anionic membrane monolayer tubes. Lipoplex model with DNA wrapped into
phospholipid inverted micelles. Reprinted with permission from ref. . Copyright (2005)
National Academy of Sciences, U.S.A.

Concerning the interaction between lipids and nucleic acids,
Michanek et al. studied the interaction of tRNA or DNA with zwitterionic
and anionic phospholipids by means of DSC and QCM-D?". Therein the
authors showed that the length of the nucleic acids is one of the crucial
factors in determining how association influences the lipid phase
behavior of DMPC/DMPS liposomes, and lipid demixing was observed

for the shorter nucleic acids. In addition, the interaction was weak,
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reversible and invariant to the presence of 2 mM Ca?. In view of these
results, the authors suggested a nonelectrostatic origin in the
tRNA/bilayer interaction, presumably due to the interaction between the
unpaired bases in tRNA with the hydrophobic part of the membrane.
Additionally, Suga et al characterized the interaction of ssRNA with
POPC/CHOL liposomes in the absence of multivalent cations, showing
the complexation of ssRNA onto the liposome surface and mostly

preserving its conformation®.

In summary, experimental pieces of evidence of diverse anionic
lipoplexes prove that the transfection efficiency of anionic complexes is
similar or higher than that of cationic lipoplexes but the cellular toxicity is
proved to be significantly lower when anionic liposomes are used. The
transfection efficiency of anionic lipoplexes depends on the optimal
formulation of the complexes, which is a function, in turn, of the structure
of the lipid-cation-DNA ternary system as well as the lipid-cation, cation-
DNA and DNA-lipid binding. These experimental facts are summarized

in table 1.
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- Lipid . Type of DNA-based
Lipids assemblies Cations Therapeutic Ref.
N-C12-DOPE/DOPC | .00 | o plasmid DNA o
(70:30) P P pZeolacZ
DCP:PC:CHOL (2:7:1) MLV Cca? genomic DNAfrom 1104 109
wheat seedlings
DCP/PC/CHOL (2:7:1) MLV Carr | Plasmid DTA PCMV- 1 105
. 24 plasmid DNA 106
DCP/PC/CHOL (2:7:1) MLV Ca ocDNA3 1/His BllacZ
DOPG/DOPE (17:83) MLV Carr | Plasmid DRAPCMY | e
2+ 2+ :
DOPG/DOPE (1:1-1:9) MLV Ca™, Mg™, | plasmid DNA pEGFP-| 1
Na N3
DOPG/DOPE (variable) uLv Ca? SIRNA 80
_ MQ:- Ca;*, A-phage DNA .
DOPG/DOPC (variable) MLV Co*, Cd*,

Mn?*, Zn2* calf timus DNA

DOPG/DOPE (variable)

_ uLv Ca* plasmid DNA pEGFP o1

DPPA/DOPE (variable)
PS/POPC (1:2) uLv Ca* calf timus DNA 4
POPA Bilayers ) polynucleotide acid 99

(polyU)
POPA, POPU, POPG | MLV, ULV . polynucieotide acids | 1oo
' ' ’ (polyA, polyU)

DMPS/DMPC (1:2) uLv Na*, Ca*' tRNA and ssDNA o7

Table 1. Summary of experimental systems based on anionic lipoplexes. Reprinted
with permission from ref. 8. Copyright (2014) Elsevier.
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1.2.2. Cation-mediated DNA adsorption onto anionic lipid films. The

role of lateral packing.

The objective of investigating the interaction of DNA with anionic
lipids by Langmuir monolayers is to enlighten the mechanism of
formation of anionic lipoplexes as related to its transfection efficiency
exposed above (table 1). In order to address this issue effectively,
separate investigations into the nature of the interactions between the
various components involved in the complexation (DNA, lipid molecules
and cations) should be accomplished. As it has been discussed, anionic
lipids require multivalent cations to mediate attractions to negatively-
charged DNA through direct electrostatic bridging interactions. But also,
multivalent cations can coordinate non-electrostatically with lipid
molecules and modify its structure and mechanical properties. Hence, it
is important to start investigating the physics governing the effect of
cations on the properties of anionic monolayers in order to address later
the interaction of DNA with anionic lipid monolayers and achieve a
coherent understanding of the resulting structures. Lipid monolayers at
the air-water interface hence allow studying these interactions by
looking into the modification of the area per lipid molecule and hence the

compression state and molecular packing of the monolayer.

One of the first works dealing with anionic lipid monolayers was
done back in the 80’s by Ohki and Diizgiines™® who use an original

experimental approach which mimics the process of membrane fusion
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by looking into the adsorption of liposomes onto a monolayer comprised
of the same lipids. These authors evaluated the surface tension of the
system (PC and PS) as the liposomes penetrate into the monolayer as a
function of concentration and type of the divalent cations present in the
subphase (Ca*, Mg* and Mn?*), thus examining the mechanism of the
ion-induced membrane fusion in model membrane systems. As a result,
the liposomes penetrate significantly into the monolayer only in the
presence of a critical concentration of cations in the subphase and this
mechanism is similar for both zwitterionic (PC) and anionic (PS) lipids.
According to Ohki and Duzglines, the interaction of divalent cations with
the phospholipid polar group causes a water exclusion effect from the
membrane resulting in an increased hydrophobicity of the cation-lipid
complex. This is an important piece of work suggesting, for the first time,
that the interaction between divalent cations and anionic lipid
monolayers cannot be regarded as purely electrostatics but affects
decisively the surface properties of the system. In fact, more recently it
has been shown that the presence of Ca?* or Mg®* induces very different
aggregation behavior for PS liposomes as characterized by their fractal
dimensions™*'* This ion-lipid specific interaction, has also been
intensely studied by MD simulations for the case of Ca®", Mg®* and La*

cations interacting with PS lipid bilayers®",

Recently, Sovago et al. authored a very interesting contribution
addressing specifically the interaction of Ca?* with anionic lipid DOPS
and zwitterionic lipid DPPC by means of Langmuir monolayers in

combination with VSFG. This work emphasizes the role of the surface
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pressure on the calcium-induced changes of the lipid monolayer.
Namely, Ca®* induces the formation of lipid domains at low surface
pressure (<5 mN/m), induces disorder at intermediate surface pressures
(5-25 mN/m) and expands and simultaneously orders the lipid chains at
the highest surface pressures (> 25 mN/m)™. Interestingly, the authors
also report qualitatively similar effects on anionic and zwitterionic lipids.
Hence, this work confirms the importance of solvent interactions in the

systems envisaged by Ohki and Dlzglines™®.

The influence of the surface pressure on the interaction of cations
with anionic lipids has been also reported for an organic cation (MG)
and anionic DPPG monolayers®. Kim et al. show again distinct types of
adsorption of MG depending on the initial phase of the monolayer.
Combination with SHG, fluorescence microscopy and X-ray reflectivity
illustrates the orientation of MG in each phase: vertical penetration into
the DPPG monolayer at a fluid phase; vertically but oppositely paired
orientations at a more condensed phase and parallel adsorption at the
interface near the lipid headgroup region at a highly packed condensed

phase.

More recently Ross et al. visualized the calcium induced domains
in mixed DPPC/DPPS 4:1 Langmuir-Blodgett (LB) monolayers'®. By
means of a combination of imaging techniques, the authors demonstrate
that these lipids are miscible in the absence of Ca? while they form
DPPS rich domains upon addition of Ca? (fig. 1.4). This study

concentrates on low-intermediate surface pressure values and
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concludes that the presence of Ca? triggers phase separation of the
monolayer'®. In addition, the presence of Ca? was reported to alter the

morphology of the domains in a DPPC/DOPS bilayer'®.

DPPC/
DPPS 4:1

water

0.1 mM Ca?*

1 mM EGTA

Figure 1.4. Fluorescence imaging of DPPC/DPPS 4:1 monolayers at low compression
on different subphases. Formation of LC domains was observed on water or 0.1 mM
Ca?*, while only one phase was appreciated in the presence of the chelating agent
EGTA. C promotes lipid demixing and formation of LC domains. Reprinted with
permission from ref. '3, Copyright (2001) American Chemical Society.

Hence, the analysis of the studies published so far concerning the
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effect of cations on anionic lipid monolayers allows establishing some
details of the possible scenario for the complexation. Apart from the
electrostatics, the presence of cations affects crucially the
hydrophobicity of the system, the molecular packing and the phase
behavior of the monolayer. However, experimental investigations remain
to be done in order to fully elucidate the role of the structural position of
the anionic group in the lipid molecule and the role of the molecular
packing of the lipid in the monolayer in the interaction of lipid with
cations and the induced morphological changes in the lipid surface. Yet,
the surface pressure seems to play a vital role in the cation-lipid

interactions allowing tuning the molecular packing on the monolayer.

Concerning the interaction of DNA with lipids, since these are
electrically repelled, the attraction needs to be mediated by multivalent
cations, and this is the reason why the physical state of the lipid-cation
monolayer has been established first. Nevertheless, none of the works
has shown so far how to apply these findings to then allocate DNA in the
system. There is indeed very little work dealing with the interaction
between DNA and anionic monolayers and the research in this direction

remains in a very early stage.

Langmuir monolayers in combination with other experimental
techniques have been used to characterize the lipid-DNA interaction in
order to wunderstand and improve cationic and zwitterionic

2,19,25,80,90

lipoplexes Interestingly, and in the line of the previous

speculations, Gromelski et al. reported that the interaction with DNA is
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not only mediated by cations but also depends on the surface pressure
of the lipid monolayer®®. These authors showed that the DNA partially
penetrates into the DMPE monolayer only at low surface pressures and
in the presence of Ca?* but is squeezed out at higher surface pressures
even in the presence of Ca?*. This again demonstrates the importance of
the physical state of the lipid monolayer for establishing the conditions
which favor the complexation of DNA with the lipid. The presence of Ca?*
is not enough to trigger the complexation but also the molecular packing

(i.e. surface tension) needs to be considered.

Concerning the interaction in zwitterionic monolayer/M?*/DNA,
McLoughlin et al. characterized the M*-mediated DNA binding onto
DPPC and DSPC monolayers at the air-water interface®. They
described the formation of a DSPC/M?#/ctDNA interfacial complex in
terms of a 1-A isotherm shift to higher molecular areas and an increase
in the surface potential. The effect was ion-specific, being greater in the
case of Ca* than Mg* and Ba®. In addition, BAM observations of
DPPC/Ca?*/ctDNA revealed elongated Liquid Condensed (LC) domains
(fig. 1.5), pointing out a decrease in line tension. In addition, Michanek
et al. extended the characterization with QCM-D measurements on
zwitterionic lipid bilayers. They observed tRNA adsorption onto both fluid
liquid-crystalline phase DOPC and solid gel phase DPPC bilayers, being
this adsorption weak and reversible. Interestingly, the magnitude of the
adsorption did not changed in the presence of Ca* (although the
concentration was not specified), but it was higher with the unsaturated
DOPC bilayer than the saturated DPPC bilayer, highlighting the role of
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lateral packing in the adsorption. Regarding the interaction in the
absence of multivalent cations, the authors also characterized the
ssRNA binding to DPPC monolayers at the air-water interface®.
Interestingly, the association took place only at low surface pressures.
Neutron reflectometry measurements explained this finding because of
the interaction of the ssRNA unpaired bases with the exposed
hydrophobic chains in the Liquid Expanded (LE) phase. Accordingly, no
interaction was observed between DPPC monolayers and dsRNA or
dsDNA in the absence of multivalent cations. In addition, only ssRNA
transformed LE-LC domain morphology, forming fractal-like

interconnected structures.

One of the few works showing specifically adsorption of DNA onto
anionic lipid monolayers is the work done by Frantescu et al. with
PS/POPC 1:2*. These authors report an increase of the area per lipid in
the presence of DNA+Ca? in the subphase (fig. 1.6). In this way, the
authors provide evidence of the binding of DNA to anionic lipids
mediated by Ca®". Interestingly, in contrast to DMPE monolayers®, the
DNA complexation with PS/POPC 1:2 mediated by Ca®* remains
regardless of the surface coverage of the monolayer. Whereas DNA is
expelled in DMPE monolayer at high surface pressures, for PS/POPC
the lipid remains in a liquid-expanded state during all the compression.
Hence, an important conclusion arising from these studies is that
unsaturated chain phospholipids which reach the collapse directly from
liquid-expanded phase never reach enough condensation to squeeze

out the DNA in the presence of Ca*.
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Figure 1.5. BAM images of DPPC monolayers on a) 5 mM CaCl, and b) 5 mM CaCl, +
0.1 mg/ml ctDNA. Molecular area was fixed at 60 A%. Formation of DPPC/Ca?/DNA
ternary complexes resulted in an elongation of LC domains. Reprinted with permission
from ref. . Copyright (2005) American Chemical Society.

Moreover, LB transfer of these films provides a solid support for
applying SPM Tools®. Once again, this technique has been applied for
imaging positively charged amphiphile monolayers at the air-DNA
solution interface’''™. Much less studied is the case of anionic
monolayers with the exception of Dubrovin et al. who reported that
polyadenylic acid (polyA) interfacial adsorption on stearic acid
monolayers, with negative surface charge density, took place in the
presence of Na* or Mg? cations®*. They use LB-AFM technique to

monitor the increase in the number of polyA fibers attached to the

46



CHAPTER 1: INTRODUCTION

stearic acid monolayer as a function of increasing concentrations of
NaCl. Since they observed no polyA adsorption in the presence of both
1 M NaCl and the chelating agent EDTA at the concentration of 10 mM,
they concluded that the divalent cations, which are present as minor
components in the monovalent salts, were essential to bridge the

interaction between the stearic acid monolayer and the polyA®.

1t/ mN/m

80 100 120 140 160 180 200 220

A/cm?
Figure 1.6. m-A isotherms of POPC/PS 1:2 (mol/mol) monolayers on different
subphases: pure water (—); 0.5 mM Ca® (- -); 1 mM Ca* (- -) and 35 uM (bp) ctDNA
+ 1 mM Ca?* (— -). A shift to higher molecular areas was observed when both Ca*" and
DNA were present in the subphase at the same time, pointing out the formation of
POPC/PS 1:2/Ca?/DNA complexes at the air-water interface. Reprinted with
permission from ref. *. Copyright (2006) Elsevier.

Results published so far importantly highlight the different
interactions occurring in zwitterionic and anionic monolayers and we are

beginning to understand how they influence the complexation with DNA
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mediated by Ca?. Experimental works with Langmuir monolayers
demonstrate the importance of cations in mediating the interaction
between anionic lipids and DNA but also reveal the role of the nature of
lipid and molecular packing as quantified by surface tension. The
adsorption of DNA appears more stable for anionic systems but further
investigation into this mechanism still needs to be undertaken in order to
fully provide a clear explanation of the interactions taking place and
validate this as a universal trend. To achieve this it seems crucial to
combine it with more sophisticated techniques in order to unequivocally
interpret the results. Furthermore, work on bilayers and numerical
simulations (as those reviewed in next sections) need to be considered
in order to realize the mechanism of nucleic acid transfer by liposome-

DNA complexes.

In the present work, we extend the interfacial characterization of
the phospholipid/Ca?/DNA complex. Two different anionic model
monolayers have been employed in the characterization. On the one
hand, we chose the DPPC/DPPS 4:1 system as a model of saturated
monolayer to monitor the complexation and its effect in the phase
transitions through 1-A isotherms, which show the effect of molecular
packing; Gibbs elasticity, following the evolution of the interfacial
response to compression and LB-AFM imaging of the structures formed
upon complexation. On the other hand, we have studied the role of the
functional groups involved in the complexation from IRRAS
measurements of unsaturated DOPC/DOPS 1:1 monolayers. These

results will be discussed in detail in section 4.1.
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1.3. MODELING AND SIMULATIONS

Before analyzing the mechanism underlying the formation of
anionic lipoplexes, modeling the zwitterionic monolayer/M?/DNA system
is essential to understand the role of divalent metal cations in its
interactions with zwitterionic lipids and DNA. The formulation of a
general theory about the DNA adsorption onto zwitterionic monolayers in
the presence of divalent cations would be helpful to correlate such
results, determine the driving force and the conditions that favor the
formation of the monolayer/M**/DNA complexes and describe their
structural features. In this sense, Mengistu et al. have developed a
theoretical approach based on the classical Poisson-Boltzmann (PB)
formalism to look into the role of divalent cations in the formation of a
monolayer/M?/DNA complex®. To this aim, they represented the DNA
with charged rods. The zwitterionic headgroups in the monolayer were
modeled as electric dipoles. The dipole movement was limited by two
constraints: i) The negative charge was fixed on the interface plane; ii)
the distance between the positive and negative charges was constant
(fig. 1.7). They calculated the increment in the free energy associated
with the adsorption of the DNA rod onto the zwitterionic monolayer,
showing that this magnitude decreased with increasing concentrations
of either monovalent or divalent cations, and being more sensitive to the
divalent ones. Hence, the addition of divalent cations made the DNA
binding on the zwitterionic monolayer more stable. Moreover, the

adsorption process took place with redistribution of divalent cations from
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the DNA to the anionic moieties in the lipid headgroups. Consequently,
the formation of the monolayer/M#/DNA complex seems to be governed
by the electrostatic interactions. This model was recently extended to
account for the change in the surface pressure induced by the M*-
mediated DNA adsorption on the zwitterionic monolayer™. In this case,
the authors focused on the second order tilt transition, which is observed
experimentally at lower surface pressures when both M? and DNA are
present in the subphase®. This downshift in the tilt transition surface
pressure was qualitatively predicted by the model, indicating that the
DNA-induced M#* penetration into the headgroup region resulted in a
lateral condensation in the monolayer. Although this theory explains
satisfactorily the M?*-mediated DNA adsorption onto zwitterionic
monolayers, the implications of the introduction of an excess of
negatively charged moieties in the monolayer have not been analyzed

yet.

50



CHAPTER 1: INTRODUCTION

z @

AN

monovalent ions

divalent cation

Figure 1.7. Model of DNA interacting with a zwitterionic monolayer. Zwitterionic
headgroups are represented with electric dipoles in which the negative charge is fixed
on the interface plane and the positive charge can freely pivot as long as the dipole
length is kept constant. A homogeneously negatively charged rod stands for DNA. In
addition, monovalent ions and divalent cations are considered. Adsorption free energy
was more favorable in the presence of divalent cations. Reprinted with permission from
ref. ®3. Copyright (2009) American Chemical Society.

The interactions of DNA with a negatively charged surface are not
intuitive and have been therefore less studied. Waltkins et al. modeled
ssDNA tethered to a hydroxylalkane-coated gold substrate, which is
negatively charged in aqueous media'™'. To determine both the DNA
conformation and the adsorption on the surface at different salt
concentrations, they balanced the contributions to the folding free
energy due to electrostatic interactions and excluded volume effects as
well, concluding that the surface attachment stabilized the folded state
respect to the unfolded state at high ionic strengths. In addition, the

work of Waltkins et al. demonstrates that the presence of cations can
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govern the DNA interfacial adsorption on negatively charged surfaces. In
any case, the systematic search for the conditions in which metal cation
mediated DNA binding to anionic monolayers can be appropriately
addressed with simulation methods. The advantage of this approach is
the possibility to test a wide range of cases by varying parameters such
as the surface charge density, the length and geometry of the DNA and
the valence and concentration of the metal cations. In addition,
simulations can easily account for ionic correlations neglected by

classical approaches (such as the PB theory).

The accuracy of a certain simulation to predict the mechanism of
the DNA adsorption to a charged plane and the structural features of the
monolayer/M?/DNA complex depends strongly on the model chosen for
each of the different components of this system and the interactions
applied among them. Accordingly, two well-differentiated sorts of models
can be used: CG models, which imply a simplification of the charged
objects involved (polyelectrolyte, surface and ions), and all atomistic
models, which take into account the interaction among all the atoms in
the system, including water molecules. The former is ideal to explore a
vast range of conditions in a reasonable time and the latter offers us
better precision, structural and conformational information and the effect
of the solvent too, but the computational cost is much higher. Although
both models provide valuable information, we cannot forget that they are
approximations that could not reproduce reality perfectly. On one hand,
a large number of effects derived from the molecular nature of the

solvent and macromolecules are not included in CG models. On the
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other hand, all-atomic models consider all the atoms present in the
relevant chemical species and include also their bonds, however
chemical reactions, titration, electron transfer and in general processes
which require a quantum description are typically ignored. At this point, it
is important to remark also that both procedures consider model
systems for the charged interface which are far from the complexity of a
real cell membrane. For instance, homogeneous membranes composed
only by phospholipids are considered in all-atomic models whereas real
membranes have also several types of proteins and also protein
channels. Accordingly many of the phenomena that take place in the cell
membrane cannot be properly studied by using the cited models. In
addition, effects derived from a global curvature of the mono/bi-layer
have not specifically studied in the present work. Undoubtedly this
feature is an interesting subject with important implications since the
elastic bending constants of lipid assemblies determine a variety of
membrane-associated physical and functional properties such as the
membrane vesicle shape, the structure and formation of interlamellar
attachments and non-lamellar lipid phases, and may also play an

important role in membrane fusion®.

Once the models are proposed, a suitable methodology to solve
them is required. One possibility is to use approximate theories or to
employ simulation techniques which are, in principle, exact*. According
with the literature reviewed, both MC and MD simulations are employed
to solve the CG models, while MD is usually preferred in simulations on

all-atomic models. Hypothesis and approximations associated to each
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simulation method are described in the next sections. In particular, we
first describe the basis and performance of some CG models below

whereas the all atomistic simulations are treated in the next section.
1.3.1. Coarse grain models. The role of electrostatic interactions.

In many cases, CG models consist in a bead-spring
representation where hard charged spheres are used to build the
system to be simulated. For instance, the salt ions are represented by
spheres with the same electric charge and the equivalent radius. The
electrostatic interactions are usually computed by using a Coulomb

potential:

q,9;
uelec(rij)_ !

= J >R +R. 1
4rese,r’ PR, M

where q; and q; are the electric charges of the particles i and j
respectively, R; and R; are their radius, r is the distance between them,
€ is the vacuum electric permittivity and €, the relative electric
permittivity of the solution. Usually, eq. 1 is expressed as:

_Z,ZkgT hg

uelec(rij>_fi r=R+R; (2)

where Z; and Z; are valences of the particles / and j respectively, kg is the
Boltzmann constant, T is the absolute temperature and Az is the Bjerrum
length, which is defined as the distance between two monovalent
particles at which the pairwise electrostatic potential is equal to the

thermal energy (ksT):
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e2

hg=———
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where e is the elemental charge.

lons are allowed to move freely throughout the simulation cell,
and excluded volume effects are usually introduced with either a hard
sphere term or a LJ term (particularly when derivatives of the interaction

energy are required):

(4)

0 r>R,+Rj
d|" [d|® 1
4811 =| —|—| +— <
uLJ(r): ¢ (I‘) r +4 r=le (5)
0 r>r

where ¢ is the depth of the potential well, d = R; + R;. The LJ potential is
cut-off at r. = 2"d yielding a purely repulsive interaction. Potentials
described with egs. (9), (2), (4) and (5) are not only applicable to the salt

ions, but to all sorts of beads present in the system.

Negative net charge is also present in one of the faces of the
simulation cell to mimic the headgroup side of the lipid monolayer. The
simplest representation consists of a plane with uniform surface charge
density, but when features such as corrugation, discrete charges and the
presence of both negatively and positively charged groups on the
interface need to be taken into account, then the surface charge can be

introduced with charged beads embedded in the wall"'. The sign of the
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charge of each embedded bead can be positive or negative but the
number of the latter must be greater than the former to ensure the plane
has a negative net charge. In addition, these embedded beads can be
fixed or they move along the plane to model the effect of the lateral

diffusion.

The last item of the model to be described is the DNA. In a CG
representation, its structure is usually simplified as a flexible chain of
negatively charged beads. The diameter and the equilibrium separation
distance between two adjacent beads in the DNA string slightly depend
on the sort of interaction that is defined to keep the string cohesion.
According to the literature reviewed, two different sorts of bond
potentials can be applied. On the one hand, the elastic harmonic bond

potential connects each pair of adjacent beads by a spring®*?*:

1
ubond(r)zikbond(r_ro)z (6)

where kpons is the bond constant and ry is the equilibrium distance
between the two adjacent beads. kwong and ro can be adjusted to match

the DNA bond properties.

On the other hand, when the DNA polyelectrolyte is described as
a sequence of beads connected with nonlinear springs, a finite

extensible nonlinear elastic potential (FENE) is applied®:

2

1 gt

uFENE(r>:_§k'r§|n (7)
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where k'is the bond constant and r.x is the maximum bond distance. k'

and rmax can be adjusted to match the DNA bond properties.

Similarly, the flexibility properties of the DNA are modulated by an
angular potential:

! Kgla—a1,) (8)

G)ZE ang

uang (

where Kkang is the bending constant, a is the angle formed by three
adjacent beads and qo is the equilibrium angle. Again, ka.,y and a.q can

be adjusted to match the DNA bending properties.

Dias et al. applied the CG model to search for the conditions that
lead to a negatively charged polyelectrolyte to condensate under
different geometries®2. They run MC simulations to separately study, on
the one hand, the PA condensation by metal cations in bulk and, on the
other hand, the binding on a charged surface without any added salt.
Although these cases cannot represent the formation of the anionic
monolayer/M?/DNA, they should be considered as important precedents
because the simulation methods and the factors governing
condensation described in their works may inspire future computational
research on the anionic monolayer/M**/DNA system. This is the reason
why we would like to review the most remarkable findings reported by
these authors about the effect of lateral diffusion and the PA geometry

on the adsorption on a charged surface.

Lateral diffusion in lipid monolayers that contain both positively
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and negatively charged headgroups make them to behave as
responsive surfaces, since they undergo a reorganization of the surface
charge to accommodate the PA. In fact, mobile charged bead embedded
surfaces adsorb a higher number of monomers from both flexible and
semiflexible polyanions than fixed ones independently on the surface
net charge (fig. 1.8)*. This finding suggests that the membrane fluidity
could be essential for the mechanisms of formation of lipoplexes and
transfection efficiency. In addition, the same authors reported recently
differences in interfacial adsorption due to circular or linear polyanions?>;
the former adsorbed more strongly on both fluid and frozen interfaces
with respect to the latter. This effect was stronger for PA binding onto
weakly and positively charged surfaces. However, when the fluid
surfaces lacked of net charge the circular PA totally desorbed while the
linear one retained a certain degree of adsorption. This difference
between the simulation results observed for linear and circular
polyanions points out that, when electrostatic interactions are low
enough, the PA-responsive surface interaction is governed by a delicate

balance between the entropy of the surface groups and that of the PA.

It should be mentioned, however, that the surveys about
adsorption on responsive surfaces published by Dias et al. were carried
out exclusively in the presence of monovalent counterions. In addition,
they only considered the minimum number of counterions required for
electroneutrality. For simulations about anionic lipoplexes, however, it
would be desirable to account for the presence of multivalent cations

and anions.
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Similar bead-spring models have also been applied to study the
DNA properties in solution with MD simulations?2¢°747.1%¢ gnd some
variations have been proposed to address the problem with different
geometries. Since lipoplexes are bulk systems formed as a result of the
interaction of DNA with liposomes, which are spherical colloids, models
of charged curved surfaces are likely to be helpful in lipoplex modeling.
This challenge has been tackled by Carnal et al." They have run MC
simulations with one negatively charged polyelectrolyte condensing on a
positively charged spherical nanoparticle. They were able to determine
the influence of parameters affecting the adsorption, such as the surface
charge density of the nanoparticle, the valence of the salt and the pH,
but nanoparticles with negative net charge were not considered. This
work could be applicable to the cationic lipoplex early stage formation
modeling and could be modified to study the anionic liposome/M?#/DNA

interaction.

Figure 1.8. CG model of a polyanion (red) interacting with a responsive surface
composed of positive (green) and negative groups (blue) with lateral diffusion inside
the plane. Monovalent counterions are added to ensure electroneutrality (grey).
Reprinted with permission from ref. #. Copyright (2005) American Chemical Society.

CG approaches can be formulated to predict the structure of

lipoplexes. For instance, Farago et al. proved that CG models can
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capture the self-assembly of cationic lipid-DNA complexes ®. In fact,
they found excellent agreement with x-ray diffraction experimental data
for the dependence of the spacing between DNA chains on the cationic
lipid concentration. At high charge densities, they observed that the
increasing electrostatic pressure exerted on the membranes leads to
pore opening, through which the DNA may be released from the
complex. Also, zwitterionic phospholipid/M#/DNA self-assembly has
been observed in silico at different length scales. On the one hand, at
short range, Tresset et al. performed MC simulations to gain insight into
the effect of different cations in the formation of lipoplexes from
zwitterionic phospholipids™''2. In this case, a homogeneously charged
rod represented DNA, while phospholipid molecules were modeled with
three beads: two of them lacked of electric charge and represented the
hydrophobic tail and the other one held an electric dipolar moment and
represented the zwitterionic headgroup. At equilibrium, the phospholipid
molecules formed inverted micelles, being the multivalent cations placed
in the space between the DNA rod and the phospholipid headgroups, as
has been experimentally measured by SAXS. On the other hand, more
recently, the same author proposed these inverted micelles as building
blocks to simulate the structure of the assemblies at the supramolecular
level'™'%*, In this manner, such inverted micelles are now modeled as
semiflexible tubes interacting with one another through electrostatic
interactions, hydrophobic force and excluded-volume repulsion. As a
result, the tubes formed clusters whose morphology depended on size

and rigidity of the tube. In solution, the cluster should be wrapped into a
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lipid monolayer as shown in fig. 1.9, because the polar headgroup
contact with the water molecules should be more favorable. To sum up,
different simulation methods based on CG models comprise a powerful
tool to deduce the structural properties of lipoplexes. However, the effect
of anionic lipids alone or in combination with zwitterionic ones is still to

be elucidated.

Figure 1.9. Lipoplex model with DN
Reprinted with permission from ref. '*3. Copyright (2011) American Chemical Society.

In fact, only a few CG simulations have explicitly studied a related
problem: the complexation of polyanions with like-charged surfaces in
the presence of multivalent cations. Messina et al., were pioneers in the
field of the complexation between a negatively charged sphere and a
long flexible PA in the presence of multivalent counterions but in a salt-
free environment®%. These authors considered different coupling
regimes as well as the influence of the linear charge density (A.) of the

PA chain by using MD simulations within the framework of a CG model.
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To this end, they used the original definition of the electrostatic coupling
parameter (=) which uniquely describes different physical regimes that
may be found for counterions of charge g at a planar charged wall with a

114

surface charge density ¢'*. This parameter can be calculated as:

==2nq°ANo )

Under a strong Coulomb coupling regime (= >> 1), structural ion
correlations can lead to dominant attractive forces of mainly energetic

origin between like-charged surfaces'?

. According to the findings
obtained by Messina et al., two important conclusions arise: on the one
hand, the PA chain is always adsorbed as a flat structure under strong
Coulomb coupling regime, and its conformation strongly depends on A..
On the other hand, upon reducing A. the chain tends to spread more and
more over the particle surface. For typical electrostatic couplings of
aqueous solution (= < 1), complexation can be obtained with multivalent
counterions for high enough values of A, where the formation of loops
was reported®®. Jimenez-Angeles et al. considered a simple model to
study the attraction between two like-charged parallel rods immersed in
an electrolyte solution®®. Later Wang et al. used a nonlocal density
functional theory (NLDFT) to conclude that the PA adsorption onto a like-
charged plane requires the presence of salt containing multivalent
counterions, being such attraction influenced by the surface charge

density, the counterion valence and the salt concentration (fig. 1.10)"%.
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Figure 1.10. Surface excess of PA monomers as a function of surface charge density
in the presence of monovalent (black), divalent (red) and trivalent (blue) cations in salt
free conditions (solid lines) or with an excess of salt concentration (dashed lines),
predicted by NLDFT theory. According to theoretical calculations, multivalent cations
mediate PA adsorption onto like-charged surfaces. Reprinted with permission from ref.
%8 Copyright (2010) AIP Publishing LLC.

Furthermore, short-range specific interactions (solvent mediated,
hydrogen bonding) and electrostatic correlations are not independent
phenomena in the adsorption of polyanions onto like-charged surfaces.
Rather, they are correlated and one effect reinforces the other®®®°.
Unfortunately, specific interactions are not always straightforwardly
considered within the theoretical models and the interaction potential is
frequently written into different and additive contributions of the different
forces. For instance, Turesson et al. used a CG model to perform MC

simulations to investigate the calcium-mediated PA adsorption onto a
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like-charged surface'. Therein, surface charge was uniformly smeared
on a plane. The authors concluded that a purely electrostatic adsorption
is achieved but can be considerably increased if ion pairing effects
between calcium and carboxylate monomers are taken into account. In
line with these authors, a similar type of nonelectrostatic potential is
considered by Jorge et al. in their study of DNA-PEI-Fe* complexes by
using MC simulations as well®®. Therein, this interaction energy is

justified in terms of the specific chelation of Fe** by the PEL.

Concerning the M*-mediated PA adsorption onto like charged
surfaces, we have implemented a MC simulation method within a CG
model. We have extended the previous works characterizing the
intensity of the adsorption in terms of Helmholtz free energy and we
have also analyzed the role of the PA and surface charge, the
concentration of salt containing trivalent cations and the M*" diameter.

These results will be discussed in detail in section 4.4.

1.3.2. All-atomic molecular-dynamics simulations. Mechanism of
phospholipid/M*IDNA complex formation.

As was previously pointed out, the standard view of the
interaction of electrolyte with interfaces is based on a simplified picture
of the interface as a simple geometrical boundary with uniform charge
(typically a charged plane)®. This standard view can be implemented for
example by considering the PB classical theory of double layer

electrostatics, usually employed not only for colloids but in general for

64



CHAPTER 1: INTRODUCTION

soft-matter systems and biomolecules. As long as the limitations of the
PB theory became clear, more sophisticated theoretical approaches
focused on the refinement of the description of the ions (ion size,
polarizability,...) but retained an extremely simplified description of the
interface as a boundary condition. In the case of complex systems such
as lipids membranes, interactions are highly specific, i.e. depend
strongly on the particular lipids and ions involved. Hence, at this scale,
the hydration behavior of ions plays a major role, even for multivalent

cations3887:88

, in which interface-ion interaction was supposed to be
mainly electrostatic. For example, experimental evidence (from turbidity
measurements and other techniques) shows that similar divalent cations
such as Ca* and Mg?* induce different structural changes in
phospholipid membranes and different membrane solvation, which in
turn has substantial consequences in the interaction between
membranes and their aggregation behavior®'®'3313 Experimentally, it
is also known that the binding of multivalent cations to negatively
charged lipids is endothermic, and thus it is entropy driven”"'*3, This fact
strongly suggests the existence of hydration effects as well as structural
rearrangements in the membrane as the driving forces for ion binding,

effects which cannot be captured by CG models.

The question is how to study theoretically all this complexity,
relevant at the last nanometer scale near a lipid assembly. The
continuous increase in computer power and the development of new
algorithms for large-scale MD simulations has made possible its use as

a kind of computational microscope to study molecular systems and
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processes with atomic resolution. The development of force fields for
lipids has allowed large scale atomistic simulations of lipid assemblies
and their interactions with unprecedented resolution. Conceptually, the
MD method is based on a classical description of the motion of atoms
and molecules. Therefore, numerical solutions of the equations of
movement are employed to display the motion of the molecular

system'':

3 9 - - -
miri__ﬁutotal(rwr2""’rn) (10)
1

where, m;, r; and ?,- are the mass, the position vector and the

I

accelaration vector of the atom i and U is the total potential of the

system:

Utotal = Ubond + Uangle + Udihedra/ + U VvDW + UCoulomb (1 1 )

where Ubong, Uange and Udiredra @are the summation of stretching,
bending and torsion potentials of each molecule; Uvpw is the summation
of Van der Waals intermolecular interaction between non-bonded atoms
and Ucouoms 1S the electrostatic potential between charged atoms. A more

detailed description of these potentials in MD simulations is given in ref.

121

The information provided by all-atomic MD simulations is useful to
predict the behavior and properties of matter from their molecular
composition®. As an essential input, the MD technique requires a

molecular model of the individual entities building up the system (all
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atoms and bonds making up the molecules and a prescription for
calculating atom-atom interactions). As an output, MD simulations
provide equilibrium and transport properties of the system. More
importantly, MD simulations give a detailed account of the different
molecular contributions to the properties of the system and allow one to
identify the molecular origin of the observed behavior. Of course, as any
approach to a difficult problem, these simulations have their own
difficulties. MD simulations of realistic models of lipid systems (with
accurate atomic resolution) are far from easy. Also, the need for
simulating large numbers of water molecules (in order to describe both
interfacial phenomena but also bulk water and electrolyte) leads to the
requirement of large amounts of computational power, which typically
require the use of supercomputing facilities. In any case, MD results
offer us many important insights which should be considered and

incorporated in more general theories.

As it has been mentioned along the manuscript, the formation of
anionic lipoplexes is achieved by the creation of a ternary complex
between DNA and anionic liposomes using multivalent ion bridges. This
feature has been shown in the extensive experimental evidence cited
above as well as in the simulations on CG models presented in the
previous section. However, the problem is still to be addressed from MD
simulations with atomic resolution. Its capability to describe hydration
effects as well as phospholipid restructuring in the bilayer upon

87,88

multivalent cation adsorption make this approach ideal to search for

the nature of interactions beyond electrostatics responsible of anionic
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lipoplex formation and stability. Before discussing the results concerning
all-atomic  description of anionic lipoplexes, some technical

considerations as well as recent studies should be taken into account.

The DNA molecule is a strongly charged PA; with a typical charge
of one electron every 0.17 nm of its length*®. This large negative charge
plays a major role in many biological and technological processes. For
example, adhesion and desorption of DNA onto solid surfaces can be
controlled by tuning the charge of the surface®. In these experiments,
large adhesion forces are obtained in the case of a positive electrode,
and the adhesive force over DNA is completely suppressed by turning
the charge of the electrode to negative. Interestingly, the addition of low
concentrations of Mg®* cations (which are well known as condensing
agents of DNA*) does not induce adhesion of DNA onto a negatively

charged surface.

The interaction of DNA with lipid membranes presents a much
higher complexity, due to the self-assembled nature of lipid bilayers.
Obviously, negatively charged DNA easily associates strongly with
cationic lipids*®+™10.1M17.127.131137.142163 A we have discussed in a
previous section, the case of negatively charged membranes containing
anionic lipids is more interesting not only for its fundamental interest, but
also due to its potential interest for biocompatible DNA delivery systems
for gene therapy. Diverse experimental pieces of evidence shown in
section 1.2. suggested that the presence of anionic lipids, nucleic acids

and multivalent cations do not assure the formation of anionic
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lipoplexes, because these are complex systems in which multiple factors
interact such as the nature of components, the concentration of cations,
etc. Moreover, divalent cations are unable to invert the charge of a PS
bilayer under reasonable concentrations (below the critical coagulation
concentration) although they adsorb on PS membranes®. In other
words, the PS membrane will remain with a net negative charge in the
presence of cations. In any case, the binding of divalent cations onto PS
membranes induces substantial conformational changes in the
membrane and a complex (and highly inhomogeneous) charge
distribution at the membrane surface, with positive patches coming from
adsorbed cations and cationic amino groups also present in the anionic
PS lipids. Amino groups are also known to interact strongly with DNA
through ionic hydrogen bonds®. It is suggestive to think that these
positive patches may act as putative binding sites for DNA in a

negatively charged membrane.
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Figure 1.11. Snapshots of MD simulations of DNA and PS lipid interaction at two
different simulation times. Left and right images correspond to labels (a) and (b)
indicated in Fig. 7. Lipid molecules are shown as bonds (colours correspond to
standard crystallographic conventions). DNA strands are shown schematically and
cations close to DNA are shown as spheres with Van der Waals radius (green
corresponds to Ca®" and yellow to Na*). Case (b) is slightly rotated (as compared with
(a)) in order to show more clearly the bonds between lipids and DNA. Figure made with
VMD?®*, Reprinted with permission from ref. 8. Copyright (2014) Elsevier.

This possibility has been confirmed by recent MD simulations
performed by Jordi Faraudo®®. In these simulations, binding of a DNA
molecule onto a pure PS monolayer is observed by hydrogen bonding
between the phosphate groups of DNA and the amino groups of PS (see
figs. 1.11 and 1.12). In addition, a small fragment of a DNA molecule is
placed far from the PS monolayer (1.6 nm), in a solution containing low
concentrations of CaCl,. Na* counterions were added to balance the
charge of DNA and Ca?* counterions to balance the charge of the PS
membrane. The PS monolayer has a strong negative charge of 1.15
e/nm?. However this charge density is almost neutralized by adsorption
of Ca?, which has a strong affinity to the surface as discussed in the
previous section. The charge of DNA is also renormalized by adsorption

of cations. Hence, the strong electrostatic repulsion between these two
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negatively charged objects is greatly reduced due to both adsorption of
cations and the efficient screening by divalent salt. In the simulations,
the DNA molecule initially diffuses far from the surface, as seen during
the first 15 ns of simulation in fig 1.12. However, the low repulsive
barrier between the DNA (with its adsorbed counterions) and the PS
membrane (also with adsorbed Ca?) can be surpassed by simple
diffusive crossing, as seen in the jump between 15 and 20 ns in fig.
1.12. Once the DNA molecule is close to the surface, the DNA molecule
approaches and patches onto the membrane containing positive
charges (from lipid amino groups -NHs;" and adsorbed counterions)
exposed to the solution. The atomistic detail given by the simulations
reveals two different kinds of bonds between PS lipids and DNA
molecules. In some of the bonds, Ca?* cations participate as a bridge,
linking a DNA phosphate with an acidic group of PS. However, the most
frequent bond is a direct bond between the positively charged amino
group of a PS lipid and a negatively charged phosphate of the DNA. In
this case, also a Ca® is involved, but in this case indirectly. The PS
lipids participating in these bonds have Ca?* cations adsorbed at their
negatively charged phosphate or carboxylic groups. Recall that,
according to the results discussed in the previous section, PS lipids alter
their conformations in the presence of divalent cations. In this new
configuration, the positively charged amino groups (which interact
strongly with DNA) become more exposed to the aqueous solution. In
other words, adsorption of divalent cations by the membrane induces a

structural change which makes possible the direct PS-DNA association.
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Figure 1.12. Distance between a DNA molecule in electrolyte solution and a PS lipid
monolayer as a function of time during MD simulations. The distance is calculated as
the closest distance between any atom of DNA and lipid molecules. The arrows
indicate the time corresponding to the snapshots shown in fig. 11. Reprinted with
permission from ref. ®. Copyright (2014) Elsevier.
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This thesis has been elaborated in the frame of the research project
'Physicochemical properties of mesoscopic complexes of
biotechnological interest' funded by Junta de Andalucia (P09-FQM-
4698). Hence, the work presented here is devoted to part of the
tasks scheduled there. As starting point, we have exposed in the
introduction (section 1) the state of the art of the biophysics of
anionic lipoplexes. We have explained two different experimental
approaches: on the one hand, the preparation of complexes in
solution and, on the other hand, the study of the complexation at
the air-water interface. In addition, theoretical insights have been
classified by the sort of model employed to describe the ternary
system into coarse-grain and all-atomic. Taking this into account,
the main objective of the thesis is to improve the current
understanding of anionic lipoplex phenomenology by combining
different experimental and theoretical strategies. The specific aims

contemplated in this work are:
Regarding the formation of anionic lipoplexes in solution:

To demonstrate and characterize the formation of anionic lipoplexes in
solution of different compositions, namely, as a function of the lipid-

DNA ratio and the divalent cation concentration.

Regarding the cation-mediated binding of DNA onto negatively charged

monolayers at the air-solution interface:

To determine the role of divalent cations in mediating the interaction

between DNA and anionic monolayers at the air-solution interface.



CHAPTER 2: OBJECTIVES

To monitor the interaction as a function of lateral packing.

To visualize with AFM the resulting structures upon interfacial

complexation.
To identify the moieties involved in the ternary complexes.
Regarding the theoretical description of the complexation:

To evaluate if the adsorption of polyanions onto like-charged surfaces
mediated by trivalent cations can be predicted attending to purely

electrostatic interactions.

To analyze the strength of the electrostatic attraction of polyanions onto
like-charged surfaces mediated by trivalent cations as a function of
the polyanion charge, the surface charge density, the cation

concentration and the cation diameter.

In chapter 3, we explain in detail the experimental and simulation
methods used in this survey in order to achieve these aims. We
would like also to remark that we have implemented some of these
procedures in our facilities as part of the research project,
especially the film deposition by the Langmuir-Blodgett technique
and programming the Monte Carlo simulation based in a coarse-

grain model.
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3.1. EXPERIMENTAL

3.1.1. MATERIALS

3.1.1.1. Phospholipids

Phospholipids are naturally occurring cell membrane constituents.
Most phospholipids contain a glycerol 3-phosphate molecule
(diglycerides); fatty acids form esters with the other two hydroxyl groups
of the glycerol and the phosphate can also binds other polar groups (fig.
3.1).

COO0—

fatty acid

N N CO0—

phosphate

— OPO5—

Figure 3.1. Phospholipid molecule. 3-carbon glycerol backbone (green), phosphate
(fuchsia), X group bound to phosphate (blue) and fatty acids in the hydrophobic tail
(orange).

As a result, these molecules have a hydrophobic tail and a polar
head, that is to say, they are amphyphiles. Hence, they show high
interfacial activity, with critical micellar concentrations at the nanomolar
scale, and they have also the capability to form several emerging self
assembled structures in solution, such as monolayers, bilayers and

vesicles (fig. 3.2).
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Figure 3.2. Phospholipid self assembled structures. Adapted from ¢
The above mentioned properties, as well as the biological function
of phospholipids, are determined by the nature of the hydrophobic tail
(fatty acids) and the polar headgroup. On the one hand, fatty acid alkyl
chain length can influence the membrane thickness or it can introduce
membrane singularities or defects when they are mixed with other lipids.
Furthermore, the presence of cis double bonds in this alkyl chain
disrupts the packaging among saturated chains, which has a significant
effect in increasing the melting temperature at which the membrane
phase transition, T, between the solid and the fluid state takes place.
On the other hand, the polar headgroup determines the phospholipid net
charge and its dependence on pH. As a consequence, we distinguish
anionic (negatively charged), cationic (positively charged), zwitterionic
(with balanced positive and negative charges) and neutral (polar without
charge) phospholipids. Moreover, the nature of the phospholipid
headgroup also determines how the charges can stick together, the way
they are exposed to the interface and their reaction to a change in the
ambient conditions, like the presence of an interacting object, such as a

colloid or a polyelectrolyte.
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Table 2 displays the phospholipids used in this work. DPPC and
DOPC are zwitterionic, while DPPS and DOPS are anionic. Attending to
the sort of fatty acid substituents, DOPC and DOPS have
monoinsaturated fatty acids, with melting temperatures considerably
less than 0 °C, so we will use them to prepare fluid films; on the
contrary, DPPC and DPPS are saturated, with melting temperatures well
over room temperature, so we will use them to prepare solid films at

room temperature.

Structure Tn (°C)

Wd " 41

Wwd H 17

/\N\/\:/\/\/\/\H/o " oo Lr -11

Dioleoylphosphatidylserine (DOPS)

Table 2. Phospholipids used in this work. Structures, common names, abbreviations
and transition temperatures (T.) are given.
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In addition, commercially available natural phospholipid extracts
were also used. These samples are mixtures of phospholipids with the
same headgroup but they have a variety of fatty acids in the
hydrophobic tail. In this way, when we wuse the names
phosphatidylcholine (PC) and phosphatidylserine (PS) without any
specification of the fatty acids substituents, we will be referring to
phospholipid extracts with those specific headgroups. PC was from egg
yolk with POPC as predominant species; and PS was from bovine brain

with SOPS as predominant species.

Phospholipids were purchased from Sigma-Aldrich as solid
powder and they were carefully weighted after moisture removal in the
desiccator and then dissolved in the required solvent: CHCI; in the case
of DPPC, DOPC and PC; in CHCIs/CH3OH 4:1 (v/v) in the case of DOPS
and in CHCI3/CHsOH 2:1 (v/v) in the case of DPPS and PS.
Phospholipids were also supplied by Avanti Polar Lipids as solutions in
CHCI; in the case of DPPC, DOPC, PC, DOPS and PS and solutions in
CHCI3/CH3;0OH/H,O 65:35:8 in the case of DPPS. These phospholipid
solutions were supplied in sealed ampoules with certificated analysis of

concentration and purity.
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3.1.1.2. Calf thymus DNA fragmentation and characterization

Double stranded DNA from calf thymus (ctDNA) was purchased
from Sigma (> 98 % purity). This sort of genomic DNA was chosen for
the experiments due to its high availability on a massive scale, which
allowed us to prepare large amounts of solutions, required as subphase
in the Langmuir balance. ctDNA has already been employed by other
authors in the characterization of lipoplexes both in bulk™''%° and at
the air-water interface**“®%. ctDNA stock solutions were prepared by
mixing the DNA solid fibers with water at a 4 mg/ml concentration and
stored at 4 °C without any agitation for 3-4 days. After this time, the
solution turned opalescent and viscous as the DNA fibers were totally

dissolved.

DNA fragmentation

Commercially supplied ctDNA contains relatively large and highly
polydisperse linear DNA fragments (15-23)-10° bp (according to
manufacturer). In order to reduce the mean size of the DNA provided, it
was fragmented. Several ctDNA fragmentation protocols are reviewed in
% The sonication method was preferred rather than enzyme restriction
treatment because of its efficiency to produce a limited size range from
genomic DNA. In addition, this method reduces costs and avoids further
purification protocols to remove protein residues. Despite being more
time-consuming than direct sonication with a tip immersed in the DNA

solution, sonication in bath was chosen to softly fragment ctDNA to
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prevent free radical generation which can result in DNA chemical
modification. Accordingly, the ctDNA fragmentation protocol was
carefully adapted and optimized from procedures described

elsewhere®9%°,

50 ml of 4 mg/ml ctDNA stock solution were first introduced in a
glass container. Oxygen removal was achieved with a nitrogen stream
through a double head needle sealed with a septum. In this way, we
avoid the formation of reactive oxygen species that can cause DNA
damage upon the fragmentation process. The whole setup can be seen
in fig. 3.3. The nitrogen flow was maintained for 30 min in the bath with
water and ice before connecting the sonication. Once the sonication had
started, the bath was periodically refilled with ice to keep the
temperature near 0 °C and the solution was kept under the nitrogen
stream until the fragmentation process was completed. The fragmented
ctDNA was then stored in 10 ml aliquots at -20 °C until they were used.
In addition, 50 ul of fragmented ctDNA stock solution were stored
separately for gel electrophoresis and  spectrophotometry

characterization.
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Figure 3.3. DNA fragmentation setup. The DNA solution is placed in a glass bottle and
it is sonicated in sonicator bath under a nitrogen flow bubbled with a needle introduced
through a septum.

In fig. 3.4, we show a time course of the DNA fragmentation. The
sample at 0 h is unfragmented DNA. It contains so large DNA fragments
that some of them did not migrate from the well. However, the size
distribution moved towards lower values as sonication time was
gradually increased. This size distribution stabilized at 10 h sonication
time, ranging between 0.3-10° and 1.4-10° bp. This sonication time was
fixed in all the DNA fragmentation assays conducted in this work.
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300 bp

Figure 3.4. DNA fragmentation time course. From right to left: DNA size marker (M),
unfragmented calf thymus DNA (0 h), DNA fragments after 6, 8 and 10 h sonication
time. The DNA size range is marked for the sample at 10 h sonication time.
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UV absorption spectroscopy

dsDNA solutions spectra usually display a maximum at A = 260
nm due to aromatic nitrogen bases. Given that the molar extinction
coefficient for dsDNA is well known at this wavelength at a certain
conditions of pH, ionic strength and ambient temperature, the DNA
concentration can be estimated. Moreover, the presence of proteins
enhances the absorption at A = 280 nm, due to the three aromatic amino
acids. Therefore, ultraviolet absorption spectroscopy measurements at
these two wavelengths were used to assess both the DNA purity and its

concentration by using standard protocols™®.

« Sample preparation: Three samples were prepared by diluting
fragmented 4 mg/ml ctDNA stock solution with buffer 10 mM
Tris-HCI pH = 7.5 to the ctDNA concentrations 60, 30 and 15

pug/ml.

* Absorbance measurements: Absorbance measurements were
carried out in a spectrophotometer with a quartz cuvette. First,
the blank was registered with buffer. Then, measurements at two
UV wavelengths, A = 260 nm and A = 280 nm were performed on

the three samples.

* DNA purity: The absorbance at A = 260 nm and A = 280 nm ratio,
AzsolAzso Was calculated for the three samples. As long as this

ratio is equal or less than 1.8, we consider that protein
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contamination is negligible. All the DNA preparations used in this

work have met the quality requirements of the cited test.

 DNA concentration: The exact DNA concentration was
determined from the absorbance of the samples at A = 260 nm,

Axso. To this aim, the Lambert-Beer law is applied (eq. 12):

Aze0=€260"1Cona (12)

where €0 = 50 ml-ug’-cm™ is the dsDNA molar extinction
coefficient at A = 260 nm, / is the light path (standard 1 cm) and cona is
the DNA concentration, in pg/ml. From the exact DNA concentration in
each sample, ctDNA stock solution concentration is determined
multiplying by the corresponding dilution factors and the final ctDNA
stock solution concentration is calculated as the average of the three

values.

Agarose gel electrophoresis

Agarose gel electrophoresis was performed in order to
characterize the size distribution after DNA fragmentation. The basis of
this technique is the different migration rate of different size DNA
fragments inside a porous gel under an electric field. Therefore, after the
electrophoresis the short fragments migrate a further distance from the
cathode to the anode, while the large ones are exposed to a higher
resistance against the gel migrating a shorter distance as compared to
the short fragments. As a result, DNA fragments are separated along the

gel as a function of its size. The protocol is fully described in ref. .
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Agarose gel preparation: The appropriate amount of solid
agarose was dissolved in TBE in mass concentration ranging
from 1 to 3 % (m/m). Good resolution of the shortest DNA
fragments was achieved with 3 % (m/m) agarose. The mixture
was prepared in an Erlenmeyer flask and it was weighed over a
platform before heating in the microwave at 10 — 20 s intervals
with manual agitation after each interval until boiling. Care must
be taken to avoid burning. We kept the heating intervals until the
agarose is totally dissolved and the solution turns fully
transparent. The flask was weighed again over the platform and
pure water was added if necessary to recover the initial weight in
order to compensate for evaporation. The solution was partially
cooled under tap stream before pouring it into the gel cast. A
comb was placed in the cast to create wells to load samples.
Once cooled and solid, the comb was removed and the gel was
transferred to the electrophoresis tank, where was immersed in
electrophoresis buffer. The gel can be stored there until it is used

as long as is submerged in electrophoresis buffer.

Sample preparation and loading: ctDNA was diluted in pure
water to 62.5 ng/ul and 16 pl of this ctDNA solution were mixed
with 4 pl loading buffer. 10 ul of the prepared sample, containing
0.5 ug ctDNA, were carefully loaded in each well with a pipette.
DNA marker was also loaded in one or two wells so that the

separate DNA fragments can be ranged in base pairs.
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Running: A potential difference of 100 mV was applied for 1 —2 h
until the colored indicator was placed at a distance of 1 — 2 cm to

the gel border.

Gel staining and visualization: Once the electric power was
switched off, the gel was removed from the tank and it was
introduced in a recipient and submerged in GelRed® 3x (stock
supplied at 10000x) solution and gently stirred in an orbital stirrer
for 15 min. The gel was visualized and photographed right after

under UV light source.
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3.1.2. METHODS

3.1.2.1. Monolayers

m-area isotherms and Gibbs elasticity.

Phospholipid monolayers at the air/water surface were formed in
a Langmuir trough of total area 244.5 cm? equipped with paper
Wilhelmy plates pressure measuring system (KSV) with 1 sensitivity of
0.1 mN/m. The trough was first cleaned with 10% Micro-90°® cleaning
solution, isopropanol and then repeatedly rinsed with distilled and
ultrapure water. The absence of surface active contaminants was
verified by compressing the bare water subphase, obtaining values of 1
< 0.2 mN/m within the whole compression cycle. Then, 50 ul of
phospholipid solution (0.5 mg/ml DPPC/DPPS 4:1 (mol/mol)) were
carefully spread on the subphase by means of a microsyringe
(Hamilton®). After an evaporation time of 20 min, the surface pressure-
area (11-A) is recorded upon symmetric uniaxial compression at constant
rate of 3.75 cm?/min. First, the 11-A isotherm of the DPPC/DPPS 4:1 was
measured on pure water. Then, the experiment is repeated using a 5
mM CacCl, solution as subphase and, later on, with a 0.1 mg/ml DNA
solution. Finally, the effect of DNA and Ca®" together was tested by
spreading the DPPC/DPPS 4:1 on a subphase containing both 5 mM
CaCl; and 0.1 mg/ml DNA at the same time, and recording the Ttr-area
isotherm. The whole experiment series (DPPC/DPPS 4:1 monolayer

spread on water, Ca*, DNA and Ca*+DNA subphase) was carried out
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on the same day with the same phospholipid solution in order to keep
constant all the conditions. The reproducibility of the 1T-area isotherms of
the DPPC/DPPS 4:1 monolayer spread on water or Ca?+DNA
subphase was tested by independent measurements carried out in
triplicate for independent samples. The whole setup was located in a
transparent Plexiglas case to avoid air streams and dust deposition and

to allow temperature control at 20.0 £ 0.1 °C.

The surface Gibbs elasticity® of the monolayer was calculated

directly from the 1-A isotherms using equation 13:

g=—A

oTr
6A)T (13)

where €, is the Gibbs elasticity, 1 is the surface pressure of the

monolayer and A is the area per molecule.

Langmuir-Blodgett monolayers

Surface films were sampled by transferring material onto freshly
cleaved mica (Agar Scientific) using the Langmuir-Blodgett (LB)
technique at various selected surface pressures, as described

elsewhere'®?

. LB films were prepared by vertical dipping into the
subphase at constant surface pressure (see fig. 3.5). This is
automatically done by the KSV-LB software. The mica support was first
immersed and then extracted from the subphase. The transfer rate was
5 mm/min for the monolayers prepared on either pure water or DNA

subphases and 2 mm/min for the monolayers prepared on a subphase
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containing DNA and CaCl.. In this way, transfer ratios were 0 during the
immersion while they were 1 for the extraction process, proving the film
deposition at this stage. The samples collected were allowed to dry
before imaging.

Figure 3.5. Langmuir-Blodgett film deposition setup in our laboratory.

Atomic Force Microscopy

Imaging of transferred LB films was carried out using an Atomic
Force Microscope Nanoscope IV MultiMode in air (Digital Instruments).
Images were obtained in tapping mode with a Si-dopped P(u) cantilever.
The topography data were sampled in a grid of 512 x 512 points or 1024
x 1024 points. The imaging was carried out under ambient laboratory
conditions. The structures seen following LB transfer of phospholipids

correspond with those present at the air-water interface as has been
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demonstrated using Brewster Angle Microscopy (BAM)'%?. Each sample
was imaged in at least two different areas obtaining similar patterns. The
reproducibility of the current experiments was tested by measurements
in duplicate for the DPPC/DPPS 4:1 monolayers on pure water at 2
mN/m and on Ca*+DNA at 25 and 40 mN/m, obtaining similar patterns.
AFM images were processed with open source software Gwyddion

2.22"% which was used also to determine height distribution functions.

Infrared Reflection-Absorbption Spectroscopy

IRRAS measurements were carried out using an IFS 66 FT-IR
spectrometer (Bruker) equipped with a nitrogen cooled MCT (mercury
cadmium telluride) detector. The spectrometer is coupled to a
Langmuir—film trough (R&K) placed in an external air-water reflection
unit. A KRS-5-wire—grid polarizer is used to polarize the IR beam
perpendicular to the incidence plane (s—polarized) and it is then focused
on the water surface of the Langmuir trough. The incidence angle with
respect to the surface normal was set to 40° and the reflected radiation
was collected and measured at the same angle. The setup consisted of
two troughs connected by little pipes to ensure the same liquid height
and it is placed inside of a hermetically sealed compartment. Both
troughs have a total volume of 120 ml and the surface pressure was

measured by a filter paper Wilhelmy plate system.

Firstly, the absence of surface—active contaminants in the buffer

was verified by recording the A compression isotherm and assuring

90



CHAPTER 3: METHODOLOGY

values of m<0.1 mN/m. Then, 50 pl of 5.4-10* M of DOPS/DOPC
solution were spread on the water surface in one trough (sample),
whereas the other (reference) is filled with the pure subphase. 1 h was
given for the equilibration and water vapor saturation and then the
monolayer was compressed at the rate of 9 cm?min. Once T reached
the values of 5 or 30 mN/m, the barrier motion was programmed to keep
the pressure constant during IRRAS acquisition time. In order to
eliminate the interference due to water vapor, measurements were
performed by switching between the two troughs at regular intervals

using a trough shuttle system. IRRAS data are reported in terms of
reflectance—absorbance (R-A) vs. wavenumber. R-A is defined in

equation 14:

R—-A=-log

L 14
- (14)

0

where R is the reflectivity of the film-covered surface and Ry is
the reflectivity of the bare subphase. The spectra were recorded with a
spectral resolution of 8 cm™, a scanner speed of 20 kHz, accumulated

using 400 scans and shifted to zero at 1157 cm™.
3.1.2.2. Lipoplexes

Preparation of liposomes

Liposomes were prepared by the extrusion method described
elsewhere™"'¥2_ Firstly, PC/PS 1:1 (mol/mol) in CHCIs/CH;OH 2:1 (v/v) at
the concentration of 10 mM total phospholipid were prepared. Then, the
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solvent was evaporated under vacuum by rotary evaporation for 30 min
and right after passed through a steady stream of nitrogen gas in order
to remove any trace of solvent. Next, the dry films were brought back to
the initial volume with buffer solution 40 mM HEPES pH 7.4 and it was
left for hydration for 4 h with continuous rotation in a bath at 55 °C at
atmospheric pressure. This temperature was above the transition T,, of
both lipids (see table 2). Alternating cycles of vigorous sonication and
hydration were used if necessary to achieve the homogenization of the
MLV solution as long as the total time of sonication did not exceed 5
min. Finally, SUV were formed by extruding the MLV solution, first 5
passes through 800 nm and then 5 passes through 200 nm pore size
polycarbonate membranes. The extrusion was carried out using a
Thermobarrel Lipex Extruder (Northern Lipids), that uses a N; current
under pressure to force the solution through the membrane. The final
liposome solution was stored in the fridge at 4-7 °C. The monodispersity
of the sample was tested by photon correlation spectroscopy (PCS),
obtaining a mean particle size of 179 + 6 nm and mean polydispersity of
0.36 £ 0.08.

GelRed exclusion fluorescence assay

The basis of this assay is to determine the lipoplex formation from
the fluorescence intensity decrease of the DNA-GelRed® when DNA
takes part in the phospholipid/Ca?/DNA complex and it is not accesible
any more to the fluorescence probe GelRed®. In this way, the GelRed®

was added after lipoplex formation and the fluorescence spectra were

92



CHAPTER 3: METHODOLOGY

compared with controls at the same concentration of DNA and CaCl..

The procedure was adapted from the one reported elsewhere™’.

Lipoplexes were prepared by adding reagents in the following
order: First, buffer HEPES 40 mM pH = 7.4 and PC/PS 1:1 (mol/mol)
liposomes from a 10 mM total phospholipid stock solution; then,
fragmented ctDNA at a final concentration 29.5 ug/ml, adjusted to have
a good signal-noise ratio. The samples were stirred in the vortex and
softly centrifuged before adding CaCl, and then they were immediately
stirred in the vortex after the addition. Finally, GelRed® is added at a
final concentration of 15x and the sample is stirred immediately before
measurement. Any other control samples without CaCl, or liposomes

were prepared by mixing the components in this order.

DNA-GelRed® excitation is possible at two different wavelengths:
Aex = 264 nm, characteristic of DNA nitrogen bases and A« = 525 nm,
characteristic of GelRed®. Optimal signal-noise ratios were achieved at
Aex = 525 nm, background signal of GelRed® bound to the liposomes is
detected in the absence of DNA, though. On the contrary, fluorescence
intensity at A = 264 nm was specific of the DNA-GelRed® complex.
Fluorescence emission spectra were registered in the range from Aem =
550 nm to Aem = 700 nm. The maximum emission was located at Aem =

608 nm, independently of Aey.

Fluorescence spectra were registered for each sample in a Cary
Eclipse spectrofluorimeter (Varian). Control experiments were performed

incubating the samples for different periods of time and we checked that
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the lipoplex formation was quick, since fluorescence spectra were stable

and reproducible 1 h after lipoplex formation.
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3.2. MODELIZATION

3.2.1. Coarse Grain model

Simulations have been performed using a CG model whose main
features are: i) PA chains were modeled by a bead-spring polymer
model that has been described elsewhere in the literature®?’; ii) ions are
explicitly considered; iii) the charged surface is assumed to be planar;
iv) the solvent (water) is taken into account only through its dielectric
permittivity (primitive model). Similar models have been employed by

other authors?>2*15%,

The negatively charged PA chain is described as a sequence of
certain number of hard spheres (beads), Nseas, cONnected with harmonic
bonds. In this work Nseas=20. The number of charged beads per chain is
f. The charge of the beads remains fixed (it is not transferred to one
bead to another). It should be kept in mind, however, that the adsorption
of a single PA chain onto a planar surface has been simulated in this
work, as some authors have previously done®?. It should be
mentioned, however, that other authors have performed studies in which
PA chains adsorb from a solution’™*'%®, Although these two kinds of
surveys may lead to similar conclusions, the explored situations, the

employed techniques and the examined properties are not the same.

The simulation cell also contains trivalent cations and monovalent
anions (in a fixed number given by the bulk electrolyte concentration) as

well as excess of trivalent cations required to have an electroneutral
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system. All of them are treated as hard spheres. The simulations of this
work have been performed assuming that the surface charge is
uniformly smeared out. An impenetrable charged wall is located at z=0

whereas at z=L another impenetrable wall without charge is placed.

The short-range repulsion between any pair of particles (beads
and ions) due to excluded volume effects is modeled by means of the
usual potential for hard spheres (uxs):

o r<(d+d;)/2

Uns ()= 0 r>((d;+d;))/2 (15)
where ris the center-to-center distance between a given pair of particles
and d; is the diameter of species i. The diameter of all the particles is 0.4
nm although a value of 0.8 nm was also used for ions. The adjacent
beads of a given chain are connected by harmonic bonds, whose
interaction potential is:

1

ubond(r)zikbond(r_ro)2 (16)

where kpond is the elastic constant and ro is the equilibrium bond length.
In this work, we have assumed that r=0.5 nm and Kpni=0.4 N/m. This
Koons-value has been widely used for polymer chain and
networks?+123124126 Al the charged species (charged monomers and

ions) interact electrostatically through the Coulomb potential:

_Z,z,¢

= 17
dreye, r (a7

ue/ec( r )
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where Z; is the valence of species i, e is the elementary charge and eq€;
is the permittivity of the solvent. The interaction energy of ion i with the
uniformly charged surface is:

0,Z,ez,

U(Fi):

2¢ €, (18)

where 7; is the position vector of particle j, z; is its z-coordinate, and oo is

the surface charge density of the charged wall.

At this point, it should be mentioned that we have assumed the
walls located at z=0 and z=L have the same dielectric constant as the
solvent. This assumption, also made by other authors, allows us to
discard image charge effects associated to dielectric discontinuities. In
the last decade, several authors have analyzed the influence of image
charges on the electric double layer and polyelectrolyte adsorption
under different conditions (see, for instance, the works by Wang et al.
and Seijo et al. and the references cited therein)'**'*° In any case, these
effects are highly specific. For instance, they are expected to be different
for a liposome, which involves two dielectric discontinuities and
encapsulates an aqueous medium, and a solid substrate. Since we are
rather interested in non-specific systems and general trends, image

charge effects go beyond the scope of this work.

3.2.2. Monte Carlo simulations

The simulations were carried out in a canonical ensemble

employing the standard Metropolis algorithm. Particles were confined in
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a rectangular prism of dimensions WxWxL, which must be carefully
chosen: both L and W must be much larger than the Debye length of the
system Ap, that is, the distance beyond electrostatic interactions are
significantly screened. The Debye length is given by:
1

A,=(8nA,IN,) 2 (19)
where N, is the Avogadro number and I the ionic strength. In addition,
W was chosen to be of the order of L, as other authors have done?" ',
Before performing simulations in the presence of the PA chain, it is
advisable to check, particularly at high charge densities, that cationic
and anionic profiles reach well defined and stable values far from the
charged surface and do not exhibit noticeable and little reliable border

effects near the neutral wall.

Periodic boundary conditions were used in the lateral directions (x
and y). The long-range electrostatic interactions were handled using a
classical method for the slab geometry put forward by Torrie and Valleau
in the early 80s, which we will refer to as the external potential method
(EPM)™. Each charged particle is allowed to interact with the others in
the simulation cell according to the usual minimum image convention.
The interaction with the charges outside the cell is considered through

an external potential, We«(z), which is calculated assuming that the ionic
distribution profiles outside the cell are identical to those inside. If p(z) is

the charge density at z, the external potential can be calculated as:
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l'IJext‘

. p(z’) dx ' dy 'dz
B o

This expression gives us the electrostatic potential generated by a

4J'EE €,

set of infinite sheets of thickness dz' and surface charge density p(z')dz'

where a central square ‘hole’ (of dimensions WxW) has been removed.

139

The integration over x' and y' can be carried out analytically™, whereas

the integration over z' must be performed numerically since the function
p(Z') is tabulated. The reader should note that this function must be
updated during the simulation from the charge density profiles. This
method for slab geometry is intuitive, easy to implement and extremely
fast. In a previous work, the ionic profiles and electrostatic potentials
obtained from EPM in the presence of divalent and trivalent counterions
were compared to those obtained from the so-called Lekner-Sperb
method'®. In general, the agreement was quite good, which supports its
reliability. In addition, simulations performed within this approximation
were able to capture the behavior of electrophoretic mobility data of
latex particles in the presence of divalent and multivalent counterions®.
What is more, the existence of charge inversion was proved using a
simple model in which only electrostatic interactions between ions and
charged surface were considered®. We should also mention that there
is a more refined method (inspired in the EPM) but also more time-

consuming®.

All the particles execute translational moves following the

recommendations of other authors''®?* two additional types of moves
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were tried in the case of PA chain: i) translation of the entire chain; ii)
slithering, where one of the end beads is moved to the opposite end of
the chain. The translation of the entire chain is advisable because the
movement of its center of mass might become extremely slow. Single
particle moves were attempted 100 times more often than the other two
types of moves. The acceptance ratio, which is the ratio between the
accepted moves and the total number of moves in a simulation, was
kept between 0.3 and 0.7, according to the rule-of-thumb for obtaining
reasonable statistics. It should be also mentioned that maximum
displacements permitted in trail moves for chain beads and ions must be
different so that the acceptance ratio of each of these particles satisfies
this rule-of-thumb. The systems were always equilibrated (at least during
2:10° moves) before collecting data for averaging. Our code was
checked computing the number of adsorbed monomers onto an
oppositely charged surface of +0.02 C/m? (in the presence of
monovalent counterions). Dias et al. reported results for this case?®.
Although they considered discrete surface charges, good agreement

was found (as expected if the surface charge density is large enough).
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3.2.3. Helmholtz free energy

In this work the strength of the attraction between the surface and
the polymer will be characterized through the Helmholtz free energy of
the system formed by the surface, the PA chain and the electrolyte
solution. In our case, we will examine different positions of the center of
mass (CM) of the PA chain averaging on statistically representative

configurations of the chain and the ionic cloud.

The free energy when the CM of the PA chain is located at a

distance z from the charged surface can be computed as™*°:

F(z)=—kgzTIn(P(z))+F, (21)
where P(z) is the probability density to find the CM of the PA at a
distance z and Fy is an undetermined constant. Here, F, will be adjusted
so that F(z) tends to O far from the surface. According to eq. 21, the
straightforward determination of F(z) requires to compute the number of
times that different positions of the CM are visited during a MC
trajectory. The histogram obtained from this analysis is proportional to
P(z) and its logarithm determines F(z). In practice, however, we can find
some problems. For instance, the movement of the CM of long PA
chains might become extremely slow. Consequently, the displacement
along the whole cell would require a prohibitive number of moves. In
addition, some configurations could be rarely visited and relatively poor
statistics will be acquired for them. Umbrella sampling methods help to
avoid these difficulties™*. It consists in the introduction of a bias

potential that favors configurations that are rarely visited. A particular
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and simple choice for this case is the window potential:

— O Zmin<Z<Zmax

W(z _
0 otherwise

(22)

where zn», and zn.x are the lower and upper limits of the window,
respectively. Note that this potential restricts the movement of the chain
CM between z.» and znax but the beads of the chain can individually visit
the region out of these limits. The cell can be divided into certain number
of windows like this one (in the z-direction). For each of these windows,
a histogram is obtained. Fig. 3.6a shows an example of the free energy
obtained in each window for the case 0do=—0.20 C/m? an electrolyte
concentration of 30 mM and a PA chain with 5 elementary charges. As
can be seen, this curve is not continuous. The reader should note that
the free energy is determined in each window to within an additive
constant, which is related to the normalization constant of the probability
density in each window. After exploring the whole cell in this way, the
complete free energy can be reconstructed recalling that this function
must be continuous from one window to the next. This is equivalent to
adjusting the additive constant from one window to the next. Fig. 3.6b
shows the continuous curve obtained assuming that the adjacent
windows have points in common. As can be seen, we have used
overlapping windows, which facilitates the connection of the functions

belonging to adjacent windows.
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Figure 3.6. Helmholtz free energy (F) as a function of the distance of the center of
mass of the PA to the charged surface (z) in each window for the case g,=-0.20 C/m?,
an electrolyte concentration of 30 mM and a PA chain with 5 elementary charges. (a)
Raw data. (b) Continuous curve obtained assuming that the adjacent windows have
points in common. Reprinted with permission from ref. 5. Copyright (2014) AIP
publishing LLC.
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3.2.4. Radius of gyration

Although this work is not focused on conformational properties, it
would be quite instructive to analyze how the conformation of the PA
chain changes with the surface charge density (since this parameter has
huge influence on adsorption, as discussed previously). The extension
of the chain can be characterized by the radius of gyration, but we have
preferred to calculate its projections parallel and perpendicular to the

charged surface, respectively defined as?:

1/2

<Réxy>”2=<ﬁz[<x,.—x>2+<y,.—y>2]> (23)
<RZGZ>1/2=<NLZ(Z,—Z)2>”2 (24)
bead i

where x;, y; and z; are the Cartesian coordinates of the center of particle
i, X, y and z are the Cartesian coordinates of the CM of the chain, the
summation runs over the beads of the chain, and «...» stands for

ensemble average.
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4.1. INTERFACIAL CHARACTERIZATION

In this section we analyze the role of Ca** cations in mediating the
interaction between the DNA and negatively charged phospholipid
monolayers at the air-water interface. To this aim, we have applied a
combination of techniques including 1-A isotherms, Gibbs elasticity,
AFM and IRRAS to monitor the state of the monolayer when Ca*" and
DNA are both present in the subphase. Additionally, control
measurements with the separate components and in the absence of
both of them were also performed. By so doing, we can determine if the
DNA binding takes place only in the presence of Ca* cations and we
can differentiate the effects due to the formation of a
monolayer/Ca®*/DNA complex from the possible alterations induced by
the presence of the single components in bulk. In the sections below, we
will characterize first the complexation with a saturated phospholipid
monolayer (DPPC/DPPS 4:1) and, later on, with an unsaturated
phospholipid monolayer (DOPC/DOPS 1:1). In the following sections we
will specify the reasons underlying the choice of these phospholipid
mixtures. Measurements at different 1 allow us to evaluate the possible
interaction as a function of the phospholipid surface coverage and the

influence of monolayer phases.

4.1.1. Complexation of DNA with DPPC/DPPS 4:1 mediated by Ca*:

the role of surface pressure.

We have chosen a negatively-charged saturated phospholipid
monolayer of DPPC and DPPS in a molar ratio 4:1 to develop an

experimental protocol to determine the DNA binding onto the monolayer
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mediated by Ca?. Since this lipid composition is well-known in the
literature™®, we were not only able to validate our own measurements,
but we also could enrich the discussion of the results when DNA or
DNA+Ca*" were used as subphase with the information about phase
distribution and composition. In the following sections we present first
the results of 1-A isotherms as a function of the subphase composition:
i) pure water, ii) Ca*, iij) DNA and iv) DNA+Ca?*. Then, we analyze the
effect of the formation of the monolayer/Ca®*/DNA complex in the
compressibility of the monolayer and the phase distribution through the
Gibbs elasticity. Finallyy, we image the structures formed upon
complexation at the air-water interface by AFM from Langmuir-Blodgett

films prepared at different surface pressures.

4.1.1.1. m-A isotherm of phospholipid/Ca?**/DNA monolayer.

Fig. 4.1 shows the 11-A isotherms (surface pressure versus mean
molecular area) obtained for DPPC/DPPS 4:1 spread on water, on
subphases containing Ca%*, DNA and Ca*+DNA. The mean molecular
area per lipid molecule is obtained by dividing the surface area available
between the barriers by the total amount of spread phospholipid. It can
be seen that the isotherm remains invariable under the presence of Ca?*
alone while it is affected by the presence of DNA, alone or in
combination with the Ca?', being the effect stronger when both
components are present in the subphase. Let us discuss these

isotherms (fig. 4.1) in more detail.

First, the m-A isotherm of DPPC/DPPS 4:1 spread on water
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displays an irregular increase in surface pressure showing a number of
distinct regions upon lateral compression (fig. 4.1). Following the
general assignments for the phospholipid phases in the literature™,
these regions were assigned as gas-LE, LE, LE-LC, LC and collapse
phases. The surface pressure lifted off at 90 + 8 A?molecule (mean
value of three measurements) and entered a linear regime lasting until
approximately 6.2 + 0.6 mN/m when the isotherm exhibits a transition
region for 6 < m < 10 mN/m, implying the coexistence of LE and LC
phases. Further compression led to a LC phase characterized by a very
steep increase of the surface pressure, and finally the isotherm reached
a collapse pressure of 55 * 1 mN/m (mean value of three
measurements). The shape of the isotherms in fig. 4.1 are in good
correlation with the 1-A isotherm reported by Ross et al.™® for the same

lipid mixture.

Before addressing the effect of both Ca?* cations and DNA at the
same time, the effect of these substances on the monolayer was
characterized separately. The 1-A isotherms of the DPPC/DPPS 4:1
spread on either 5 mM CaCl, or 0.1 mg/ml DNA are also plotted in fig.
4.1. No significant changes with respect to the isotherm recorded on
pure water were appreciated for the CaCl, and the slight differences
between both isotherms are smaller than the experimental error.
Furthermore, our findings confirm those reported by Ross et al.** who
also show that the shape of the isotherm was unaffected by the
presence of Ca? in the subphase. However, when a 0.1 mg/ml DNA

solution is used as subphase, the isotherm is shifted to slightly higher
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molecular areas with the lift off at the beginning of the compression (fig.
4.1). The displacement to higher molecular areas remains for the linear
region and the first part of the LE-LC transition region but decays at
higher compression states overlapping with the isotherm recorded on

pure water for surface pressures above 15 mN/m.
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Figure 4.1. r-area isotherms of a DPPC/DPPS 4:1 monolayer on different subphases:
a) pure water (black dashed line), b) 5 mM CaCl. (blue dash-dot line), ¢) 0.1 mg/ml
DNA (green dotted line) and d) 5 mM CaCl; and 0.1 mg/ml DNA (red solid line). T = 20
°C. Reproduced from ref. 7" with permission from the Royal Society of Chemistry.

Conversely, the isotherm recorded for DPPC/DPPS 4:1 on a
subphase containing DNA and Ca?* displays various and significant
differences with respect to the one spread on pure water (fig. 4.1).
Firstly, the surface pressure starts to increase almost from the beginning
of the compression. This already suggests the higher separation of the
polar heads of the phospholipids at the surface. Secondly, the whole
curve is displaced to higher molecular areas, not only at low surface
pressures, but also at high surface pressures corresponding to the LC

region. Also, the well defined LE-LC coexistence region (6 < m < 10
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mN/m) is less clear in the case of DNA and Ca?. Instead, the surface
pressure increases smoothly suggesting the existence of a pseudo
liquid-expanded (LE) phase from the gas-LE coexistence or else a large
coexistence LE-LC phase. Finally, at a surface pressure of 46 + 7 mN/m,
the slope changes abruptly and the isotherm overlaps with that recorded
on a pure water subphase until collapse. The differences encountered in

each of these separated regions are discussed in detail below.

Firstly, concerning the earlier lift off of the isotherm recorded in the
presence of Ca?" and DNA, it can also be appreciated that the surface
pressure starts to increase linearly from the very beginning of the
compression for the Ca?+DNA subphase. This enhanced compression
sensitivity of the monolayer was also observed for the DNA subphase
without Ca®* (fig. 4.1), so it cannot be related with the presence of
cations solely. Ross et al.’ also observed a remarkable increase in the
molecular area corresponding to the T lift off with the same monolayer
and using as subphase a solution containing EGTA. They showed that,
as a result of the EGTA cation removal, the miscibility of the two lipids
increased, producing an increase in the total packing density. Since DNA
is a negatively charged polyelectrolyte, it may produce a similar effect
than the EGTA.

Secondly, regarding the shift to higher molecular areas, we can
distinguish three regions in the isotherm recorded in the presence of
Ca? and DNA. At low surface pressures the isotherm overlaps with the

one recorded in the presence of DNA without Ca?*. The displacement to
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higher molecular areas remains during the whole LE-LC region until very
high compression states where the isotherm overlaps with that recorded
on pure water. Accordingly, the net expansion of the isotherm reveals
that the average intermolecular distance between polar heads increases
due to the migration of the DNA into the monolayer. This can be
explained considering that Ca?* plays the role of a bridge between the
negatively charged phospholipid monolayer and the DNA, leading to the
formation of a complex monolayer/Ca®*/DNA. This effect has been
recorded so far only for zwitterionic monolayers, which lack of net
charge. Hence, Gromelski and Brezesinski prove the penetration of DNA
into a DMPE monolayer by recording a shift to higher molecular areas of
DMPE in the presence of DNA and Mg? cations*. Similarly, according to
McLoughlin et al., the Ca?* is able to induce this sort of shift to higher
molecular areas in a 1-A isotherm for a zwitterionic monolayer (DPPC)
in the presence of DNA. Concerning the behavior of ternary zwitterionic
monolayer/cation/DNA complex, Mengistu et al. developed a theoretical
approach based on the classical PB formalism to look into the role of
divalent cations in the formation of such type of ternary complex®.
Therein, the authors report that DNA adsorption process takes place
accompanied by a redistribution of divalent cations from the DNA to the
anionic moieties in the lipid headgroups, indicating that the DNA-
induced cation penetration into the headgroup region resulted in a

lateral condensation in the monolayer.

Accordingly, fig. 4.1 demonstrates for the first time the penetration
of DNA into an anionic lipid monolayer of DPPC/DPPS mediated by
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Ca?. Additionally, we may quantify the shift in molecular area units in
table 3 obtaining similar values for the pure DPPC and the mixture
DPPC/DPPS 4:1. Accordingly, the effect observed in the 1-A isotherm
appears mainly surface charge-independent. This finding should be
taken into account in order to understand the molecular mechanism
underlying this interaction, which cannot be understood from pure

electrostatic effects.

AA (A%molecule)
™ (MN/m) DPPC DPPC/DPPS 4:1
10.0£ 01 9+5 123
20.0+£0.1 614 85122
30.0+£ 0.1 3.3+23 42+17
40.0+ 01 1.5+1.5 1.3+15

Table 3. Displacement of the 1-A isotherm to higher mean molecular areas (AA) at
different surface pressures for DPPC and DPPC/DPPS 4:1 Langmuir monolayers on a
subphase containing 5 mM CaCl, and 0.1 mg/ml DNA with respect to the same
monolayer on pure water. Reproduced from ref. 7 with permission from the Royal
Society of Chemistry.

Finally, the overlap of the two isotherms seen at very high surface
pressures (1 > 52 mN/m) possibly implies that the DNA is being
squeezed out of the monolayer at very high lateral packing. This sort of
surface pressure—-induced DNA detachment has so far only been
reported for pure zwitterionic lipids*®*° since, Frantescu et al.** did not
find this overlapping tendency for POPC/PS 2:1/Ca?/DNA. The reason
for this apparent controversy could be originated in the nature of the lipid

monolayer, rather than in the net charge. The collapse for unsaturated
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phospholipids is reached at significantly lower surface pressures than
the saturated ones. Accordingly, the detachment of DNA from the former
case is not observed because the steric instability induced by the double
bonds provokes the collapse of the monolayer before reaching a
sufficiently high surface pressure to squeeze out the DNA. Hence,
unsaturated lipid monolayers never reach enough condensation to
squeeze out the DNA. This is a very important finding that must be

considered when designing lipoplexes with different anionic lipids.

4.1.1.2. Surface Gibbs elasticity.

Fig. 4.1 shows experimental evidence about structural changes
induced by DNA in phospholipid monolayer in the presence of Ca?. To
gain further structural insight into the conformation of the system we
now look into the Gibbs elasticity of the monolayers, a property sensitive
to molecular conformation®'. Fig. 4.2 shows the Gibbs elasticity plot of
the isotherms of DPPC/DPPS 4:1 monolayers spread on water or on a
subphase containing DNA and Ca* from fig. 4.2. Given that only the T-A
isotherm of the DPPC/DPPS 4:1/Ca*/DNA has given significant
differences with the pure DPPC/DPPS 4:1 system, we only compare
these two systems in fig. 4.2. Gibbs elasticity (o) is the elastic modulus
representing a rheological quantity related to the monolayer rigidity and
to its capability to store elastic energy, which is defined by eq. 13. The
compression of the monolayer is performed at sufficiently low rate
assuring that the system is always in a stationary state and possible

relaxation processes in the monolayer can be neglected. Hence, at this
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compression rate and for insoluble monolayers, Gibbs elasticity plotted
in fig. 4.2 provides generic information on the mechanical state of the

monolayer.

In general, €, increases upon lateral compression meaning that
the higher the phospholipid packing density, the higher the resistance of
the monolayer to deformation. However, this general tendency is altered
by any phase transition event. The coexistence of different phases leads
to a local minimum of €, owing to a decreasing cohesion of the surface
film, which is disrupted by the presence of the new phase’. The Gibbs
elasticity increases again as the surface layer fills with the new phase
and reaches a maximum at the maximum packing density in the new
phase. A new transition within the monolayer would imply a new local
decrease. Accordingly, the minima reflect phase coexistences in the
monolayer whereas the maxima in the Gibbs elasticity plot are ascribed

to the existence of an homogeneous cohesive layer.

For the DPPC/DPPS 4:1 spread on a pure water subphase (fig.
4.2), we can distinguish two ¢ local maxima located at m=3 £ 1 and 1
=44 + 2 mN/m (mean values of three measurements), respectively. The
first corresponds to the elasticity of a monolayer in LE state (g0 =22 £ 3
mN/m) followed by the LE-LC transition in which the ¢, decreases locally
to a minimum. The second maximum provides the elasticity of the
monolayer in LC state (€0 = 239 + 17 mN/m) followed by collapse of the
monolayer (mean values of three measurements). Clearly, the rigidity of

the monolayer is substantially higher at the LC state. After the second
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maximum, €, drops sharply indicating that the monolayer has broken
down, with the formation of a variety of bidimensional and tridimensional
structures.
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Figure 4.2. ¢o-11 plots from a) and d) curves in fig. 1. DPPC/DPPS 4:1 monolayer on:
pure water subphase (black dashed line), 5 mM CaCl, and 0.1 mg/ml DNA subphase
(red solid line). T = 20 °C. Reproduced from ref. 77 with permission from the Royal
Society of Chemistry.

The evolution of €, as a function of lateral packing suffers several
changes in the presence of both Ca®* and DNA in the subphase. In
general, it appears importantly lower than the values corresponding to
the pure water subphase. This means that the monolayer formed on the
subphase containing both Ca? and DNA is more deformable than that
recorded on a pure water subphase. Structural differences between
DPPC/DPPS 4:1 and the DPPC/DPPS 4:1/Ca*/DNA systems were
already inferred from fig. 4.1 at these surface pressures. We denoted
this region (11 < 52 mN/m) as pseudo LE or long LE-LC coexistence
phase in the previous section. Interestingly, Jain et al.*® reported a
similar decrease in the dilational elasticity modulus as a consequence of

the binding of the polyacrylamide sulfonate polyanion to a

114



CHAPTER 4: RESULTS

cetyltrimethylammonium bromide monolayer. Hence, now the lower
elasticity could be indicating a binding of the DNA to the DPPC/DPPS

assisted by Ca?* which results in a whole fluidisation of the surface film.

At higher surface pressures (11 > 52 mN/m) the &-11 curve for the
DPPC/DPPS 4:1/Ca?/DNA system displays a sharp increase and a last
maximum which precedes collapse. The elasticity of the mixture in this
last region is clearly higher and approaches that of the phospholipid
mixture on pure water. Accordingly, the DNA is being expelled of the
monolayer and the cohesion increases as the non-complexed

monolayer is being restored.

We can also appreciate a new local maximum-minimum
distribution in the -1 curve for the DPPC/DPPS 4:1/Ca*/DNA system.
This certainly shows that the formation of the monolayer/Ca?/DNA
complex is accompanied by a totally different phase rearrangement from
that on water. The minima located at 2, 25 and 40 mN/m in fig. 4.2, were
selected for LB-AFM examination with the aim of visualizing the
morphology of the coexisting phases in the monolayer/Ca?/DNA

complex.

4.1.1.3. Imaging with AFM

In order to further analyze the origins of the observed changes in
surface tension and Gibbs elasticity, we have imaged the changes in the
morphology of the DPPC/DPPS 4:1/Ca?/DNA system by means of AFM.

In this way, we assess the effect of Ca?* and DNA on the structure of
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DPPC/DPPS 4:1 monolayers with a similar experimental design to that
of the monolayer studies. Hence, we analyze first the separate effect of
Ca? and DNA on the DPPC/DPPS 4:1 monolayer to then look into the
ternary system. Images were taken in tapping mode so that differences
in contrast are caused by a difference in the interaction tip-surface which
is ascribed to the local topography, roughness, adhesion or elasticity in
each sort of domain. The AFM images have been further analyzed in
order to quantify the different morphologies encountered. Table 4
displays a summary of the various systems analyzed including a
description of the basic appearance of each system, identification of the
different morphologies, the Root mean square roughness (RMS) and the

height distribution as an averaged of all the images.

subphase m (mN/m)| morphology? | RMS® (nm) height distribution®
round-shaped
H20 20+0.1 ) 0.3+0.3 -
domains
round-shaped
0.1 mg/mIDNA | 2.0+0.1 0.4+0.1 -
domains
0.1 mg/ml DNA a) branched
+5mMCaCl, 2.0+0.1 b) net-like 21+04 -
0.1 mg/ml DNA 250 £ 01 a) granular ) b) trimodal, Ahs = 1.59 + 0.24 nm
+5 mMCaCl. "7 7| b) holes and fibers Ah,=1.1+0.4 nm
0.1 mg/ml DNA a) elevations b) trimodal, Ahs = 1.64 + 0.23 nm
40.0+0.1 -
+5 mMCaCl. b) holes and fibers Ah;=1.2+0.4nm

Table 4. Quantitative analysis of LB-AFM images. ® When two different mesostructures
coexist on the phospholipid/Ca?'/DNA complex film they are separately described as
(a) and (b). ® RMS is calculated to show the contrast between the LB phospholipid
monolayer on pure water or on a DNA subphase with respect to the
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phospholipid/Ca?/DNA complex film. RMS is not calculated at 25 or 40 mN/m because
the value would not be representative of the two different mesostructures in contact. ©
Height distribution functions. Height differences between the consecutive peaks are
shown for trimodal distributions. These height differences allow better characterization
of the depth of holes and the height of fibers (Ahs; and Ah,, respectively) in the
background observed in the phospholipid/Ca*/DNA complex fiims at high surface
pressures. Reproduced from ref. 77 with permission from the Royal Society of
Chemistry.

Consider first the DPPC/DPPS 4:1 on pure water subphase (fig.
4.3A). In order to visualize morphological aspects we chose a surface
pressure of 2 mN/m where we have LE and LC phase coexistence
according to the surface pressure isotherms (fig. 4.1) and Gibbs
elasticity (fig. 4.2) as discussed above. Fig. 4.3 reveals the existence of
LE and LC phase coexistence as given by a background (LE) spotted by
round-shaped domains (LC). The existence of these domains have been
also reported by Ross et al. for the same lipid mixture and attributed to
lipid demixing and the formation of DPPS-enriched domains™*®. The LE-
LC coexistence phase for DPPC takes place at higher 1 than for DPPS
(fig. 4.5). In the mixed system, LC domains are present from the
beginning of the compression and possibly act as nucleation sites. The
mixed system continuously undergo LE-LC phase transition even at
surface pressures well below 4 mN/m leading to a continuous growth of
the circular domains as the surface pressure increases (fig. 4.3).
Accordingly, the circular domains in fig. 4.3 correspond to DPPS
enriched areas. At this surface coverage the round-shaped domains
have a diameter of 4 + 3 ym and the relative domain surface coverage is
72 £ 4 % (fig. 4.3A). The diameter of these domains increases in size as

the surface coverage is increased, hence indicating the transition to a
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LC phase (fig. 4.4A). Moreover, a very similar morphology was obtained
for the AFM images of the binary system DPPC/DPPS 4:1/Ca® (fig.
4.4B).
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Figure 4.3. AFM topography images of LB transferred spread DPPC/DPPS 4:1 on a
pure water subphase (A) and 0.1 mg/ml ctDNA (B) at m = 2 mN/m. In both cases,
surface films are heterogeneous showing regions with variable height and circular
domains. Reproduced from ref. 7 with permission from the Royal Society of Chemistry.

Fig. 4.3B shows also the AFM image of the binary system
DPPC/DPPS 4:1/DNA at the same surface pressure (2 mN/m). Fig. 4.3B

reveals again the existence of LE and LC phase coexistence as given
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by a background (LE) spotted by round-shaped domains (LC), which
should again correspond to DPPS-enriched domains caused by
demixing. However, the diameter of such domains seems to be reduced
by the presence of DNA in the subphase obtaining now 1.4 + 0.4 um.
Domain surface coverage is also reduced to 45 + 3 % suggesting that
the demixing process is hindered by the presence of DNA in the
subphase. According to Ross et al. the formation of DPPS enriched
domains formed in fig. 4.3A occurs owing to traces of Ca®* present in
water which are essential for the lipid demixing process as measured by
TOF-SIMS™. In fig. 4.3B, the DNA is likely to complex with the traces of
Ca?" in solution, hence playing a purifier role and lowering the residual
concentration of Ca* in pure water, thus hindering the formation of
DPPS-enriched domains. This interpretation is in good agreement with
the T lift off at the beginning of compression observed in the m-A
isotherm for this binary system (DPPC/DPPS 4:1/DNA) in fig. 4.1.
Moreover, this effect was also observed by Ross et al.™®® for the
DPPC/DPPS 4:1/EGTA system and ascribed to the release of DPPS
from the more condensed domains to the mixed monolayer. To sum up,
the morphology of the DPPC/DPPS 4:1 monolayer spread on a
subphase containing 0.1 mg/ml of DNA resembles the monolayer
spread on pure water providing no evidence of the DNA complexation in
the LB transfer process in the absence of Ca®.Before continuing the
analysis of the AFM images and in order to improve the understanding
of the results, it is important to discuss in depth the possible molecular

mechanisms underlying the formation of these ternary complexes. Our
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results agree with those obtained by Ross et al. who already proved that

Ca?* preferentially binds to negatively charged DPPS molecules while a
hydrated calcium-DPPS complex of larger dimensions is formed'®. For
the case of pure anionic lipid membranes it is also experimentally
established that the binding of multivalent cations to negatively charged
lipids is endothermic, and thus, entropically driven. This fact strongly
suggests that the driving forces for ion binding are due to hydration and
solvation effects as well as structural rearrangements in the membrane.
Similarly, Sinn et al. reported that the presence of anionic phospholipids
increased the interaction with Ca?* and Mg*,'"*® but they showed by
means of calorimetric measurements that the driving force of this
interaction is the release of water molecules due to the dehydration of
the cations and the phosphate groups, which is an entropically favorable
process. Concerning the cation binding, early infrared spectroscopic
studies demonstrate the formation of a strong Ca®-phosphate

complex?. All-atomistic simulations were used in ref. ¥ and % to

demonstrate that multivalent ions such La%*, Mg?* and Ca?* ions are

incorporated deeply in the hydrophilic region of the PS membrane. In

particular, adsorbed Ca?* cations tend to be bound to 2 PS" headgroups

in a binding mode which involves both the carboxylic and phosphate

moieties of the lipid headgroup. Accordingly, adsorption of Ca2* cations
in PS lipid membranes generates a highly inhomogeneous surface with
patches of positive charge (both from lipids and ions) directed towards

the aqueous phase that induce the DNA adsorption via hydrogen
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bonding between the phosphate groups of DNA and the amino groups of

PS (see ref. ¥ and ).
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Figure 4.4. (A) AFM topography image of LB transferred spread DPPC/DPPS 4:1 on a
pure water subphase at m = 4 mN/m. Circular domains expand over the film. (B) on 5
mM CacCl; at m = 2 mN/m. Domains strech out and align with the contact line.

Fig. 4.6 shows now the AFM images of the ternary system
DPPC/DPPS 4:1/Ca?/DNA at 2 mN/m. Clearly, now totally different
patterns appear in the monolayer, as compared with the pure lipid and
the binary systems, with branched and net-like structures (fig. 4.3). Also,

the roughness of the monolayer spread on DNA and Ca? increases
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importantly with respect to that spread on DNA without Ca* as
demonstrated by the higher value obtained for the RMS given in table 4.
Control AFM images of the DNA adsorbed on mica after LB deposition
confirm that the phospholipid monolayer modulates the organization and
morphology of the interfacial aggregates (fig. 4.7). Thus, in view of the
images and the RMS values, we can conclude that the ternary system
lipid/Ca®*/DNA forms interfacial aggregates dispersed on the film. More
detailed analysis of the pattern obtained in fig. 4.6 allows distinguishing
two different morphologies. Round-shaped areas containing fractal
branched structures with an average height of 8 nm (marked with + in
fig. 4.6A) and a background (marked with * in fig 4.6A). Moreover, high
resolution image 6B allows further identifying a net of fibrils with an
average height of 3 nm and width of 0.2 ym in the background. In fact,
these fibrilar structures possibly correspond to interfacial aggregates
formed as a result of the interaction among the phospholipids, the Ca?
cations and the DNA. These sorts of patterns have been previously
observed for other systems containing DNA; namely, Chen et al.™* for
the gemini surfactant 18-s-18/DNA system and by Antipina et al." for the
poly-4-vinylpyridine with 16 % cetylpyridinium groups/DNA. However,
they have not been reported so far for lipids. The round-shaped areas
with larger, branched fibrils in fig. 4.6 are possibly composed of DPPS-
enriched domains of the monolayer. DPPS, having higher surface
charge density, leads to the complexation of a higher relative amount of
DNA with respect to the background (DPPC) and hence, the formation

of bigger interfacial aggregates.
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Figure 4.5. r-area isotherms of DPPC (orange dash-dot line), DPPS (pink dotted line)
and DPPC/DPPS 4:1 (black dashed line) monolayers. Subphase: pure water. T = 20
°C. Reproduced from ref. ”” with permission from the Royal Society of Chemistry.

We analyze further the complexity of the interfacial structures of
the ternary system DPPC/DPPS 4:1/Ca?/DNA at higher surface
coverage (higher surface pressures). Fig. 4.8 shows the AFM-images
recorded from LB films of the ternary system at 25 mN/m. In this case
we can also identify two different sorts of domains which can be
appreciated, both in the topographic (figs. 4.8A and 4.8C) and in the
phase (figs. 4.8B and 4.8D) images. However, the shape and the fine
structure of these domains are completely different from those seen at
lower surface coverage; 2 mN/m (fig. 4.6). On the one hand, we observe
a curved domain with a granular structure (marked with * in fig. 4.8C).
These grains have an average diameter of 20 nm. On the other hand,
the background presents structures at three well-defined different height
levels. There is a discontinuous plane in which holes (depressions, - in
fig. 4.8C) and fibers (elevations, + in fig. 4.8C) that tend to border the

holes coexist displaying irregular shapes and sizes. This trimodal
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morphology is quantified in table 4 where the depth of the holes

(depressions) and height of the fibers (elevations) is shown.
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Figure 4.6. (A) AFM topography image of LB transferred spread DPPC/DPPS 4:1 on
an aqueous solution subphase containing 5 mM CaCl; and 0.1 mg/ml ctDNA at ™ = 2
mN/m. (B) High resolution image. The surface films reveals round-shaped areas
containing fractal branched structures (+) and a background (*) The high-resolution
image (D) shows a surface network formd by fibrils. Reproduced from ref. 77 with
permission from the Royal Society of Chemistry.

Understanding of all the structures observed is not trivial and
would require of additional information from other techniques. Anyway, it
is possible to interpret the characteristics of the ternary system

phospholipid/Ca?/DNA, considering the size and morphologies of the
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interfacial structures visualized in fig. 4.8. Therefore, the fibers (marked
with + in fig. 4.8C) possibly correspond to phospholipid/Ca®/DNA
interfacial aggregates considering their dimensions which are clearly
greater than one single DNA chain. The removal of phospholipids from
the monolayer to form aggregates may explain the appearance of holes
(marked with - in fig. 4.8A). Finally, the granular domains (marked with *
in fig. 4.8C) constitute a more complex form of interfacial aggregates.
Similar granular interfacial aggregates have also been found by Antipina
et al. for octadecylamine/DNA LB monolayers'. This morphology could
be caused by DNA strands covered with phospholipid vesicles formed

from the monolayer as a result of the interfacial complexation.
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Figure 4.7. (A) AFM topography image of LB transferred from an aqueous solution
containing 5 mM CacCl, and 0.1 mg/ml DNA. (B) High resolution image. Reproduced
from ref. 77 with permission from the Royal Society of Chemistry.

Compression up to 40 mN/m resulted mainly in an increase in the
area of the background as shown in fig. 4.9A. The structure in the
background of fig. 4.9A is very similar to that described at 25 mN/m (fig.
4.8). However, fig. 4.9A reveals the existence of regions significantly
thicker than the background of irregular shape and size. These
structures appear only at higher interfacial coverage (40 mN/m) and

were not seen at 25 mN/m (fig. 4.8). Again, the trimodal morphology is
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quantified in table 4 where the depth of the holes (depressions) and
height of the fibers (elevations) is shown demonstrating the similarities

with lower surface coverage.
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Figure 4.8. AFM topography image of LB transferred spread DPPC/DPPS 4:1 on an
aqueous solution subphase containing 5 mM CaCl, and 0.1 mg/ml ctDNA at T = 25
mN/m. (A) Height image, (B) Phase image, (C) High resolution image (D) Phase from
(C). Surface film shows circular domains with granular structure (*). The high-resolution
image (C and D) reveals a background composed of a discontinuous plane with holes
(-) and fibers (+). Reproduced from ref. 7 with permission from the Royal Society of
Chemistry.

In fact, the height distribution profile of the ternary system at
higher interfacial coverage (40 mN/m) is plotted in fig. 4.10. This plot
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shows three peaks corresponding to the three different height levels
commented for the ternary system (figs. 4.8 and 4.9 and table 4).
Although fig. 4.10 shows the values corresponding to the system at 40
mN/m, this trimodal morphology is extensive to the ternary system at 25

mN/m as quantified in table 4.
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Figure 4.9. (A) AFM topography image of LB transferred spread DPPC/DPPS 4:1 on
an aqueous solution subphase containing 5 mM CaCl, and 0.1 mg/ml ctDNA at 11 = 40
mN/m. (B) High resolution image. Images show a background composed of a
discontinuous plane spotted by regions significantly thicker of irregular shape and size.
Reproduced from ref. 77 with permission from the Royal Society of Chemistry.

Hence, the ternary system phospholipid/Ca?/DNA is formed by a
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background composed of a discontinuous plane spotted with holes
(depressions) and fibers (elevations). According to this height
distribution profile (fig. 4.10), the holes and fibers observed should be
located, on average, at -1.8 nm and 1.2 nm with respect to the most
abundant height, respectively. The numerical values encountered allow
us to identify the morphologies with the composition. The difference in
height between the first and the second peak is 1.8 nm (fig. 4.10, table
4). This value reasonably matches the thickness of a DPPC LB
monolayer on mica reported in the literature®: 2.2 nm. Hence, this
allows us concluding from figs. 4.8 and 4.9 that the phospholipid
monolayer is discontinuous, being interrupted by the holes.
Furthermore, the height of the fibers with respect to the LB phospholipid
monolayer according to table 4 is 1.2 nm (fig. 4.10). This value agrees
with that reported by Wu et al. for the increase in thickness of a
lipid/DNA monolayer with respect to pure lipid monolayer of 0.9 nm™*.
Accordingly, the fibers observed in figs. 4.6, 4.8 and 4.9 correspond to
phospholipid/Ca*/DNA interfacial aggregates. The height values
obtained from our AFM images mostly agree with those reported in the
literature®®'** for the LB monolayer thickness of lipid and lipid/DNA.
Slight differences encountered could be due to different specific system
used and also to the surface-tip interactions occurring in the AFM in
tapping mode, which are expectable to change when the tip is scanning
the different parts or domains in these complex LB monolayers.
Therefore, the topographical profile given in fig. 4.10 illustrates the

complexation of negatively charged phospholipid monolayer and DNA
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mediated by Ca?".
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Figure 4.10. Height distribution function obtained from the AFM image in fig. 9B. This
curve is representative of the topography obtained at 40 mN/m. Reproduced from ref.
" with permission from the Royal Society of Chemistry.

A plausible multifunctional scenario can be hypothesized for the
complexation of DNA with anionic lipid monolayers. Depending on the
lateral packing as quantified by the surface pressure, the complex
lipid/DNA can be expected to undergo various conformational
transitions. Moreover, the complexation materializes in the form of
interfacial aggregates that show a variety of morphologies depending on
such lateral packing, as it is sketched in fig. 4.11. The proposed
methodological approach combining AFM with monolayers can be
productively exploited as a generic tool to explore the molecular
mechanism underlying complexation of DNA with negatively charged

lipids toward the rational design of biocompatible systems.
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Figure 4.11. Model of formation of interfacial aggregates from Ca?'-mediated DNA
binding onto the DPPC/DPPS 4:1 monolayer at the air-solution interface. Reproduced
from ref. ”” with permission from the Royal Society of Chemistry.
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4.1.2. Response of fluid DOPC/DOPS 1:1 monolayers to Ca*-
mediated DNA binding.

In the previous sections, we have demonstrated the formation of
monolayer/Ca?*/DNA complexes and we have characterized the
corresponding structures formed at the interface. Accordingly, in this
section we search for additional pieces of evidence of complexation at
the air-water interface with a negatively-charged monolayer. To this aim,
we carry out IRRAS measurements in order to determine the role of Ca**
in mediating the interaction between DNA and the phospholipid
monolayer. In addition, we also describe the moieties of lipids involved
in the interaction from the analysis of IRRAS bands. In this case, we
employ DOPC/DOPS 1:1 as a model of unsaturated phospholipid
monolayer due to the previous experience of the group with this

system™°.

We performed IRRA spectra during a short stay in the Max Planck
Intitute for Colloids and Interfaces in Potsdam (Germany) under the
supervision of Prof. Gerald Brezesinski, in order to gain insight into the
molecular interaction between DNA and DOPC/DOPS monolayers
mediated by Ca?. We registered the following IRRA spectra: j) firstly,
lipid monolayer on buffer, ij) then, lipid monolayer in the presence of
Ca?, iii) lipid monolayer in the presence of DNA, iv) finally, the lipid
monolayer in the presence of Ca* and DNA together. The concentration
of Ca?* used was 10 mM and the concentration of DNA was 29.5 ug/ml.

IRRA spectra provide information about vibration of groups of all the
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molecules located at or close to the air-solution interface?®. Therefore,
both the phospholipid monolayer and the molecules interacting with their

headgroups can contribute to the measured spectra.

As can be seen in fig. 4.12, the main differences between the
spectra recorded on the different subphases are located in the
phosphate band region (1300 — 1000 cm™). Phosphate asymmetric and
symmetric stretching bands (v.s(PO2) and vs(PO;), respectively) were
assigned, according to Blume®. Let us first describe the spectrum
registered on the lipid mixture spread on buffer. v,(PO2) and vs(POy)
appear at 1220 and 1088 cm™, respectively. Asymmetric and symmetric
CH; stretching bands (v.s(CH.) and vs(CH:)) were registered at 2925 and
2855 cm™, respectively. We obtained the same values for all the
subphase compositions used in this work and they match the
characteristic values for the LE phase of the lipid monolayer® at a
surface pressure of 30 mN/m. They also agree with PM-IRRAS

measurements reported by Vié et al."*” for this system.

Then, we measured the I|IRRA spectrum under the same
conditions with Ca* and we observed similar phosphate stretching
bands in intensity as those recorded on pure buffer. Differently, the
Vas(PO2) center of gravity (COG(vas(POz2)) displayed a shift to higher
wavenumbers in the presence of Ca®" in the subphase, with respect to
that recorded on pure buffer. Similarly, Flach et al.** reported a shift for

the DPPC/DPPS 1:1 (mol/mol) with 5 mM Ca?* added to the subphase.

Since the COG(vas(POy)) increases to higher wavenumbers with the
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hydration degree®, this shift recorded in the presence of Ca? and other
divalent cations has already been explained in terms of the dehydration
of phosphate non-esterified oxygens due to the interaction with the

cations’.

0.001

-0.001

reflectance—absorbance (A.U.)

1000 1050 1100 1150 1200 1250 1300
wavenumber (cm_1)

Figure 4.12. IRRAS of DOPC/DOPS monolayers at a surface pressure of 30 mN/m on
different subphases consisting on Ca* 10 mM and 29.5 ug/ml DNA on 40 mM HEPES
atpH =7.4.

The IRRA spectrum in the presence of DNA is also plotted in fig.
4.12. In this case, the phosphate stretching bands are similar to those
measured on pure buffer, so we can deduce that there is not any
detectable binding of the DNA to the monolayer in the absence of Ca®*

cations in the subphase.

Following the procedure already mentioned above, we now
analyze the IRRA spectrum of the phospholipid monolayer in the
presence of both Ca** and DNA together. Only when Ca*" cations and
DNA are present together in the subphase we observed a significant

intensity increase of these two bands indicating that DNA binds to the
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phospholipid monolayer only in the presence of Ca®'. This correlates
with previous findings, as has already been explained in section 4.1.1. It
is also remarkable that the presence of Ca** and DNA together in the
subphase produced a vas(PO;) band with the same COG as the one
measured on the pure buffer for DOPC/DOPS monolayers. Therefore,
this indicates that the water molecules should interact with both, DNA
and lipid phosphate groups, in the ternary system monolayer/Ca®*/DNA.
Similar results of the phosphate band amplification were previously
described by Brezesinski and Gromelski for DMPE zwitterionic
monolayers using Ca®* or Mg* cations to mediate the electrostatic
interaction among the phospholipids and DNA®. The reason of this
increase could be the contribution of DNA phosphate groups which bind
to the monolayer under these specific conditions or a change in the
phospholipid phosphate group vibrational transition moment (orientation
of the headgroup) with respect to the interface plane®. Unfortunately, it
is not possible to quantify each separate contribution based only on the
increase of the phosphate stretching band intensity. At any rate, IRRAS
measurements qualitatively confirm that the DNA binding to the
DOPC/DOPS monolayer is mediated by Ca?" cations at a molecular

level.
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4.2. LIPOPLEXES

Once we have determined the phospholipid monolayer/Ca*/DNA
complex formation at the air-water interface in section 4.1, we now
extend the study to the three dimensions with the preparation of
lipoplexes. To this aim, we used PC/PS 1:1 liposomes because our
group is skilled in the preparation and characterization of these
liposomes in the presence of cations® . We mixed this negatively
charged liposomes with DNA and we induced the formation of lipoplexes
by adding Ca* cations. We then employed a fluorescent probe
exclusion assay to characterize the capability of lipoplexes to

encapsulate DNA.

4.2.1. PC/PS 1:1/Ca*/DNA characterization

We carried out GelRed® exclusion assays to elucidate the
formation of anionic lipoplexes. First, we analyze the formation of PC/PS
1:1/Ca*/DNA complexes as a function of the total phospholipid-DNA bp
ratio, L/D:

L _npctitpg (25)

D 1 pnapp

where npc and nes stand for PC and PS mole numbers, respectively and
nonasp Stands for the DNA base pair mole number. We determine the
optimal L/D for lipoplex formation and, later on, we characterize the

effect of Ca?* concentration.

Fluorescence spectra of the PC/PS 1:1/Ca?*/DNA system were
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registered and the maximum intensities at Aex = 264 nm and Aen = 608
nm are shown in fig. 4.13. DNA concentration is kept at 29.5 yg/ml in all
the samples and the increasing L/D ratios are obtained by adding the
proper amount of PC/PS 1:1 liposomes. The Ca®" concentration was 10
mM in all the samples and they were also buffered with 40 mM HEPES
pH=7.4.
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Figure 4.13. Fluorescence intensity at Aex = 264 nm and Aem = 608 nm for PC/PS
1:1/Ca*/DNA complexes at different L/D ratios. The Ca(NOs), concentration was 10
mM, the DNA concentration was 29.5 ug/ml and the GelRed® was 15x (supplied at
10000x) in all the samples. All the samples were buffered with 40 mM HEPES pH =
74.T=25°C.

L/D = 0 in fig. 4.13 corresponds to a control measurement of the
fluorescence intensity of just DNA in these conditions. This fluorescence
intensity kept invariant to the liposome addition to L/D = 7, but it fell
down when the L/D is further increased. This decrease in fluorescence
intensity as compared to the control at L/D = 0 can be understood if we
consider DNA is now forming complexes with the liposomes and the
Ca?* cations and these complexes are not permeable to the fluorescent
probe GelRed® to form the fluorescence emitting DNA-GelRed® pair.
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However, the fluorescence intensity decrease at L/D = 27 and L/D
= 45 was accompanied by the rapid formation of aggregates, so there
could be other reasons for this decrease: on the one hand, the
aggregates produce light dispersion, which could diminish the effective
excitation and emission radiation intensities and, consequently, a
possible fluorescence intensity decrease by inner filter effect®”. On the
other hand, there could be fluorescence quenching®, if the fluorescent
emission were deactivated by other species. Therefore, additional tests
were required to assure the formation of lipoplexes from the results in
fig. 4.13.

In particular, we designed the following experiment: a sample at
L/D = 45 with 10 mM Ca(NOs), and 15x GelRed® was centrifuged at
160009 for 1 min to make the aggregates to fully sediment in the pellet.
Then, the supernatant was recovered and EDTA was added at a final
concentration of 50 mM. The same procedure was applied to a control
sample with the same composition but without liposomes and the
fluorescence spectra for both samples were recorded. As can be
observed in fig. 4.14, the fluorescence intensity is lower for the sample
than the control, proving that part of the DNA has been complexed,
either with the aggregates or in a soluble complex in which the GelRed®
cannot permeate. As it is going to be commented right after, the DNA-
GelRed® fluorescence intensity changes with Ca®* concentration. This
concentration can be different for the control and the sample in fig. 4.14,
because part of the Ca®* is removed with the aggregates. This is the

reason why we added 50 mM EDTA to remove all the Ca?®* both in the
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control and the sample. In this way, we asssure that the fluorescence
intensity differences between them are not due to different Ca?
concentrations. Although aggregates were removed by centrifugation,
there could be still soluble light dispersing particles that may produce
inner filter effect, thus reducing the fluorescence intensity. In order to
discern if the inner filter effect is the cause of the fluorescence intensity
decrease observed in fig. 4.14, we registered UV-visible spectra of both
the control and the sample (fig. 4.15). Since the resulting absorbance at
both Aex = 264 Nnm and Aem = 608 nm was the same for both samples, we
discard the inner filter effect as a cause of the fluorescence intensity
decrease. In conclusion, formation of PC/PS 1:1/Ca*/DNA complexes
that keep DNA isolated from GelRed® is the cause of the decrease in

the fluorescence intensity observed at increasing L/D in fig. 4.13.
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Figure 4.14. Fluorescence spectra of the control (Ca®*/DNA) and the sample
(LP/Ca®*/DNA) supernatant. The total phospholipid concentration was 4 mM, the DNA
concentration was 29.5 ug/ml (L/D = 45) and the GelRed® was 15x (supplied at
10000x) in both samples. EDTA was added to each supernatant at a final concentration
of 50 mM. Both samples were buffered with 40 mM HEPES pH =7.4. T = 25 °C.

The results shown in fig. 4.13 are in good agreement with those
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reported by Rodriguez-Pulido et al.™®', in which the DNA is encapsulated
in cationic DODAB/DOPE and DODAB/DLPC liposomes and the
fluorescence intensity of EdBr gradually diminishes until it totally
vanishes at high enough L/D. Unfortunately, this assymptotical behavior
could not be reproduced with PC/PS 1:1 anionic liposomes because at
L/D = 45 the total phospholipid concentration is 4 mM, which is
technically difficult to increase. Besides, an increase of L/D by

diminishing DNA concentration implies a loss in signal-noise ratio.

We now analyze the effect of Ca?* concentration in the formation
of lipoplexes. To this aim, we measured the fluorescence intensity of
PC/PS 1:1/Ca*/DNA complexes at different Ca(NOs), concentrations. It
is well known that the divalent cations induce structural changes in
DNA3191149 "Hence, DNA-probe fluorescence emission is a function of
the concentration of Ca®', as described by other authors®*"®. Therefore,
a control measurement of DNA-GelRed® fluorescence intensity at each
Ca? concentration is necessary to elucidate the role of Ca? in the

lipoplex formation.
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Figure 4.15. UV-visible spectra of the control (Ca*/DNA) and the sample
(LP/Ca**/DNA) supernatant. The total phospholipid concentration was 4 mM, the DNA
concentration was 29.5 ug/ml (L/D = 45) and the GelRed® was 15x (supplied at
10000x) in both samples. EDTA was added to each supernatant at a final concentration
of 50 mM. Both samples were buffered with 40 mM HEPES pH = 7.4.

In fig. 4.16 we show the fluorescence intensity of a)
liposomes/Ca*/DNA complexes (LP/Ca®*/DNA) and b) DNA, as a
function of Ca®" concentration. Remarkably, LP/Ca®/DNA complexes
reduced their fluorescence intensity as the concentration of Ca?
increases, hence demonstrating the role of Ca®* cations in mediating the
anionic liposome-DNA interaction. On the contrary, DNA-GelRed®
fluorescence intensity recorded in the absence of liposomes increased
with the concentration of Ca?". Both tendencies saturated at high Ca®*
concentrations and were reproducible. Given that the fluorescence
intensity does not totally vanish, we deduce that PC/PS 1:1 liposomes
only partially complexate DNA in the presence of Ca®* cations at these
conditions. Hence, the fluorescence intensity in the liposomes/Ca?/DNA
samples is due to the DNA that remains non-complexed. Taking into
account that Ca** enhances DNA-GelRed® fluorescence (fig. 4.16)
when Ca? is added to the mixture of PC/PS 1:1 liposomes and DNA, the
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resulting fluorescence intensity must be influenced by both, the
decrease due to the formation of lipoplexes and the increase due to
Ca?-enhancement. Despite these opposite effects, the total
fluorescence intensity of the liposomes/Ca*/DNA decreases when the
Ca?* concentration is increased, according to the results shown in fig.
4.16.

Additional information can be inferred from a detailed analysis of
the fluorescence intensity curves in fig. 4.16. Let us first discuss the
DNA fluorescence intensity as a function of the concentration of Ca?'.
We have observed that Ca* enhances fluorescence intensity and the
higher the Ca* concentration is, the more intense the effect is until the
fluorescence intensity saturates at 20 mM Ca?". This contrasts with the
results reported by Patil et al."® for the plasmid DNA-EdBr, where the
addition of Ca* produced a decrease in the fluorescence intensity. The
main differences with our measurements are the use of circular DNA, a
different probe and also the order in which the Ca?* is added (they
added Ca?* after the probe whereas in our samples the Ca* was added
before the probe). The mentioned factors can influence the DNA-probe
intensity as a function of the concentration of Ca?*, because they can
affect the DNA-probe binding constant, the DNA-probe complex
geometry, the fluorescence quantum yield and the way they all react to
Ca?* addition. A detailed analysis about the DNA-probe fluorescence can
be found in refs * and °. However, there are no published results of

ctDNA-GelRed® fluorescence as a function of Ca?* concentration so far.
We now analyze the PC/PS 1:1/Ca?/DNA complex fluorescence
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intensity as a function of Ca?" concentration (fig. 4.16). As has been
already mentioned, the fluorescence intensity decreases as the Ca®
concentration increases until reaching a saturation at 5 mM Ca?.
Importantly, the liposome/DNA fluorescence intensity in the absence of
Ca? is higher than the one recorded for the DNA-GelRed® alone. This
difference in fluorescence intensity is much higher than the one
recorded for the liposomes-GelRed®, which suggests that liposomes
and DNA somehow interact in the absence of Ca? cations, thus
reinforcing the DNA-GelRed® fluorescence. However, when more Ca*
is added, the fluorescence intensity decreases due to the formation of
complexes in which the DNA is not accessible to GelRed® any more. In
this way, the PC/PS 1:1/Ca*/DNA complex fluorescence intensity
diminishes as compared to that obtained for DNA at the same Ca?
concentration. The curve saturation at high Ca* concentrations gives
additional insight about the lipoplex formation. As has already been
discussed, Ca®* enhances DNA-GelRed® fluorescence, so one could
expect some loss of fluorescence intensity when aggregates form at
high L/D, as some amount of Ca* would be retained with the
aggregates. In this case, the fluorescence intensity should rise up at
high Ca?* concentrations, because the amount of Ca?* in solution should
increase. Conversely, the PC/PS 1:1/Ca%/DNA complex fluorescence
intensity saturation at high Ca? concentrations proves that this premise
does not hold. In conclusion, the fluorescence intensity trends observed
in fig. 4.16 confirm the Ca?-mediated lipoplex formation between PC/PS

1:1 liposomes and ctDNA.
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Figure 4.16. Fluorescence intensity at Aex = 264 nm and Aem = 608 nm for PC/PS
1:1/Ca*"/DNA complexes at different Ca(NOs), concentrations. The total phospholipid
concentration was 4 mM, the DNA concentration was 29.5 ug/ml (L/D = 45) and the
GelRed® was 15x (supplied at 10000x) in all the samples. All the samples were
buffered with 40 mM HEPES pH =7.4. T = 25 °C.
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4.3. SIMULATIONS

In the previous sections, we have experimentally characterized
the role of Ca?* in mediating the interaction between negatively charged
phospholipid mixtures and DNA both at the air-water interface and in
bulk. In order to evaluate the role of electrostatic interactions in the
formation of this complex as well as to assess the influence of different
design variables in the stability of this system, we address a Monte
Carlo simulation study on the basis of a coarse grain model to predict
the adsorption of a polyanion (PA) onto a like-charged surface. Trivalent
cations have been chosen as mediators to develop this simulation tool
with the most noticeable effect. In the sections below, the nature of the
M*-mediated PA adsorption onto like-charged surfaces is analyzed and
then the influence of the PA charge, the surface charge density, MXs
concentration and the M?* diameter is discussed. Additionally,
estimations of the radius of gyration are used to give insight about the

intensity of the adsorption attending to conformational properties.

4.3.1. Trivalent cations induce polyanion adsorption onto like-

charged surfaces

In fig. 4.17a, we show F(z) (denoted as F for simplicity) for
different numbers of charged monomers in the chain (f). In particular,
simulations for f = 5, 10 and 20 were performed with a surface charge
density of -0.20 Cm™, in the presence of 30 mM MX; ([3:1] salt). All PAs

are formed by 20 monomers. Each monomer holds either -e or 0 electric
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charge. Therefore, the PA reduced net charge (Q/e) is equal to f.
Charged monomers are homogeneously distributed in the chain. As can
be seen, the Helmholtz free energy profiles increase asymptotically at
very short distances to the charged plane, display a minimum (denoted
as Fnin) at a short distance and converge to 0 at high distances.
Therefore, at very short distances, volume excluded effects dominate
the interaction producing a strong repulsion. When the PA separates to
avoid contact with the plane at short distance, favorable electrostatic
interactions between the PA and the adsorbed trivalent cations attract
the PA and promote the adsorption. However, if the distance from the PA
to the charged plane keeps increasing, then electrostatic interactions
are screened and the charged surface does not influence the PA
anymore. Therefore, if the adsorbed PA moves beyond the minimum
region, then it does not immediately readsorb because there is no a
direct attractive force driving it to the well of the potential. In conclusion,
these curves give valuable information about PA adsorption behavior
onto the like-charged surface. That is the PA adsorbs onto a like-
charged surface at these conditions and this adsorption is reversible

since desorption is possible with enough thermal agitation.

To give insight into the PA adsorption onto like-charged surfaces,
it is quite instructive to analyze the ionic profiles in the simulation cell in
the absence of PA. For that reason, ion distribution functions (g(z)) for
counterions (M*) and coions (X) as well as the charge density profile
are shown in fig. 4.17b (inset). M* adsorption onto the negatively

charged surface is evident from its distribution function gu(z) which
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increases several orders of magnitude over the value in bulk at short
distances from the charged plane. In addition, the presence of a
maximum in the coion profile (gx(z)) together with a minimum in gu(z) at
z = 1.2 nm reveals that there is a considerable accumulation of coions
near the adsorbed counterions. Quesada-Pérez et al. also reported this
kind of electric double layer at similar conditions by both hypernetted-
chain/mean-spherical-approximation (HNC/MSA) theory and MC
simulations'®. This characteristic electrolyte organization also suggests
that the electric double layer has undergone the phenomenon known as
charge inversion in the region near the negatively charged surface. This
effect can be more clearly appreciated plotting the integrated surface
charge density, 0i(z) (see fig. 4.17b), which is calculated integrating the
contributions from the negatively charged surface and all the particles
enclosed between the charged surface and a parallel plane placed at a
distance z. As can be seen, 0i(2) is negative at the immediate vicinity of
the negatively charged plane but becomes positive where the charge
inversion takes place, in the region between z = 0.4 and 3.4 nm,
approximately. At higher distances, oi{z) converges to zero, indicating
the neutralization of the surface charge in the bulk. Similar profiles of
Oin(Z) were obtained by Wang et al. by using the NLDFT model in the
presence of PA'®, Additionally, Turesson et al. reproduced this charge
inversion profile with MC simulations for linear and branched negatively
charged polymers interacting with like-charged surfaces in the presence
of Ca#."™ Importantly, the charge inversion region marked in fig. 4.17b

reasonably matches the previously mentioned Fi» region. This fact in
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conjunction with the M** adsorption onto the negatively charged surface
evidenced by gu(z), validates the hypothesis formulated above about the
essential role of the M* in the PA adsorption onto a like-charged

surface, by creating favorable electrostatic interactions.

In order to study the influence of electrostatic interactions in the
PA adsorption onto like-charged surfaces mediated by trivalent cations,
we analyze the magnitude of the adsorption (characterized by the depth
of the well of the Helmholtz free energy) as a function of the electric
charge of the interacting objects: on the one hand we study the
adsorption of different net charge PAs onto the same like-charged
surface in this section. On the other hand, we study the adsorption of
the same PA onto different like-charged surfaces with different charge

density in the next section.

4.3.2. Influence of the polyanion charge

The role of the total PA charge f is also investigated from the F
profiles in fig. 4.17a. Observing the Fni, region, we can conclude that the
more charged the PA is, the deeper the F well is. In other words, the
higher f is, the greater the F minimum absolute value (|Fmin|) is. |Fmin
values for the three PAs studied as a function of the total PA charge (f =
5 f =10 and f = 20) are shown in fig. 4.17a (inset). These results
highlight the role of electrostatic interactions in the PA adsorption onto
like-charged surfaces, because it has been proven that the adsorption is

stronger when the PA is more charged. This means that, once the PA
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adsorption has taken place, desorption is more difficult when the PA
charge is higher. In agreement with the results shown in fig. 4.17a,
Messina et al. observed that M**-mediated PA adsorption onto a like-
charged sphere was favored by the total PA charge and a poorly
charged PA was strongly repelled from the particle in aqueous solution®.
Additionally, Turesson et al. simulations with increasing polymerization
degree PAs produced an increase in the surface excess of PA
monomers, what confirms that the Ca?-mediated PA adsorption is
enhanced by the total PA charge'”. In conclusion, total PA charge

modulates the adsorption onto a like-charge surface.

We have also obtained additional information about the intensity
of the adsorption from the number of mean adsorbed monomers (N.q)
and the standard deviation (s) of this magnitude were computed as
measurements of the adsorption intensity and dispersion, respectively
(Nao £ 8). We performed these calculations within simulations where the
CM of the PA is restricted to the interval between z = 0 and z = 5 nm,
because the F minimum is located in this interval in all the cases. The
results for N.q represented in fig. 4.17aare 8 £ 4,11 + 3 and 12 + 3 for
the PAs with f=5, f= 10 and f = 20, respectively. That is to say, there is
a direct correlation between the number of adsorbed monomers and the
PA charge. Accordingly, Dias et al. observed N.; = 20 in a simulation for
a 50-monomer PA interacting with a negatively charged responsive
surface®, being the mean adsorbed monomers-total PA monomers ratio

similar to the results reported here.
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Figure 4.17. A) Helmholtz free energy (F) as a function of the distance of the center of
mass of the PA to the charged surface (z), for 20-monomer PAs with different number
of charged monomers f = 5 (squares, purple), f = 10 (triangles, green), f = 20 (circles,
orange). The monomer charge is -e. The surface charge density is -0.20 Cm? and the
MX; concentration is 30 mM. Reprinted with permission from ref. . Copyright (2014)
AIP publishing LLC.

4.3.3. Influence of the surface charge density

In this section, we explore the role of the surface charge density
in the PA adsorption onto like-charge surfaces. To this aim, we
performed simulations at the charge densities o, = -0.04, -0.12 and

-0.20 Cm? whereas other parameters were kept constant. In fig. 4.18a
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we show the results for the system Helmholtz free energy F as a
function of the distance of the PA to the charged plane z, for the three
different surface charge densities studied. As we have already explained
in the previous section, the minimum in the F profile evidences the PA
adsorption onto the like-charged surface. The absolute value of this
minimum |Fm| increases when the surface is more negatively charged
(see fig. 4.18a, inset). In this way, the most intense adsorption takes
place at the charge density of g, = -0.20 Cm; the adsorption is lower at
0o = -0.12 Cm™ and it is negligible at g, = -0.04 Cm™. In agreement with
the results shown in fig. 4.18a, Wang et al. observed that M**-mediated
PA adsorption onto like-charged surfaces enhanced when increasing the

%8 Furthermore, Turesson et al. observed an

surface charge density
increase in the adsorption excess of PA monomers when they increased
the surface charge density in absolute value in the presence of Ca."®
In this regard, we have also quantified the magnitude of the adsorption
with the number of mean adsorbed monomers (N.q £ s), being4 +4,9 +
4 and 12 + 3 for oo = -0.04, -0.12 and -0.20 Cm?, respectively. The
tendency of these values is the same as |Fmin| (fig. 4.18a, inset) and,
since Nag = s for oo = -0.04 Cm?, there is no evidence of adsorption at
this surface charge density. Dias et al. characterized N, in simulations
with positively charged responsive surfaces and they also found that the
more charged the surface was, the more intense the PA adsorption onto

oppositely-charged surfaces was?.

Integrated charge density profiles 0;.(z) for these systems in the

absence of PA are shown in fig. 4.18b. The comparison of oix(z) for the
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three different surface charge densities provides an additional
interpretation from the Helmholtz free energy curves shown in fig. 4.18a.
Charge inversion is evident when g is -0.20 or -0.12 Cm™. Moreover,
oin(z) becomes more positive when g, = -0.20 Cm™? than g, = -0.12 Cm
2

, what means the charge inversion is stronger in the former case.
Hence, the attractive surface-PA interaction and the adsorption should
be more intense at g, = —0.20 Cm™ than g, = -0.12 Cm™, in good
agreement with the results shown in fig. 4.18a. Importantly, there is no
charge inversion at oo = -0.04 Cm™, as can be appreciated in the
corresponding integrated charge density 0i(z) < 0 at any distance to the
charged plane. These results agree with a previous work in which the
effect of the surface charge density on the charge inversion was studied
by means of electrophoresis experiments as well as MC simulations®.
Accordingly, this feature confirms the role of ionic correlations in
promoting the M*-mediated PA adsorption onto like-charged surfaces
via surface charge inversion. Wang et al. also observed that the
magnitude of this charge inversion increased when the magnitude of the
surface charge density, |0o|, was increased'®®. However, they used much
higher values of |oo] and they did not explore the lack of charge

inversion at low |Oo|.

We also represent the counterion and coion distribution functions,
gm(z) and gx(z), respectively (fig. 4.18b, inset) for oo = —0.04 Cm™. In this
case, gu(z) = gx(z) at all distances from the charged plane z, that is to

say, trivalent counterions M*" are adsorbed onto the negatively charged
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surface while coions X interpenetrate the counterion diffuse layer to
compensate the charge. This is in contrast with the ion correlations
calculated at oo = -0.20 Cm? (fig. 4.17b, inset), where the gu(2)

decreases under gx(z) and displays a minimum, revealing charge

inversion.
5 T T T T T T T
d "0 6= ~0.04 4 65=-0.12 © 6, = -0.20 (Cm?)
0F V:;,.._' — <
- AT S
L st/ = st 1
L i f LI.E 4 | |
10 L/ —oolm -
v 0.04 012 020
logl (Cm™?)
_15 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16
z (nm)
b 0.05 B T T T T T ]
i of
IS
e
© -005 |
-0.1

z (nm)

Figure 4.18. (A) Helmholtz free energy F as a function of the distance of the center of
mass of the PA to the charged surface (z) for PAs interacting with like-charged surfaces
of surface charge density g, = -0.04 Cm™ (squares, purple), 0o = -0.12 Cm? (triangles,
green), g, = -0.20 Cm™ (circles, orange). All simulations are carried out with a 20
charged monomer PA in the presence of 30 mM MXs. Inset: Absolute value of the
minimum of F (|Fmi|) @s a function of the absolute value of 0,. (B) Integrated charge
densities 0, as a function of z for g, = -0.04 Cm™ (dotted, purple), go = -0.12 Cm™
(dashed, green), g, = -0.20 Cm? (solid, orange). Inset: Counterion and coion
distribution functions gu(z) (red) and gx(z) (blue), respectively for g, = -0.04 Cm?
Reprinted with permission from ref. 7. Copyright (2014) AIP publishing LLC.
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4.3.4. Radius of gyration

In this section, we extend the characterization of the adsorption
from chain conformation analysis. To this aim, we have calculated the
radius-of-gyration projections parallel and perpendicular to the charged
surface (eqs. 23 and 24). Fig. 4.19 shows the results obtained for
different surface charge densities (and a MX; concentration of 30 mM).
As can be seen, both projections are considerably smaller than the end-
to-end distance that would correspond to a highly extended chain, which
means that the PA chain is partly collapsed in the presence of trivalent
cations. Our results also show the projection of the radius of gyration
onto the xy-plane increases with the absolute value of the surface
charge density and the degree of adsorption whereas the projection in
the z-direction decreases. In other words, the chain shrinks in the

direction perpendicular to the surface but it expands in the parallel

directions. In addition, (R%, )"?<v2(RZ,)"? for 0,=—0.04 C/m? but

(R%,,)"?>V2(R%,)""? for 0i=-0.20 C/m?, which implies that the chain is

more expanded in the direction perpendicular to the surface for low
surface charge density but becomes more expanded in the parallel
directions when this parameter grows. In any case, this behavior allows
the chain to increase the number of beads near the surface and the

degree of adsorption when the charge of the surface increases.
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Figure 4.19. Projections of the radius of gyration onto the xy-plane (squares) and the
z-axis (circles) as a function of the surface charge density. Simulations are carried out
with a 20 monomer PA in the presence of 30 mM MX;. Reprinted with permission from
ref. ®. Copyright (2014) AIP publishing LLC.

4.3.5. Influence of the multivalent salt concentration

In section 1 we have shown that PAs are adsorbed onto like-
charged surfaces in the presence of M* due to the ionic correlations,
which reverse the charge surface leading to the adsorption. Taking into
account that the ionic correlations depend on the MX3 concentration c,
one could expect that M*-mediated PA adsorption onto like-charged
surfaces is modulated by this concentration. To this aim, we have
performed simulations at different ¢ and the results are shown in fig.
4.20.

We first present the system Helmholtz free energy F as a function
of z for a set of increasing concentrations of MXs;, ¢ = 10, 20, 30, 40 and

90 mM (fig. 4.20a). Although 90 mM is commonly a high concentration
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for trivalent ions, osmotic stress experiments on DNA in the presence of
Co* solutions up to 100 mM have been performed in the literature'®. In
addition, high calcium (and sometimes magnesium) concentrations have
been also used to mediate PA adsorption onto like-charged surfaces in
many other systems'. In any case, we have analyzed this high
concentration for theoretical purposes: To find out if the attraction
between the PA and the surface displays a non-monotonic behavior with
c. The magnitude of |Fnin| is plotted as a function of c in fig. 4.20a (inset).
As can be seen, the depth of the minimum hardly changes when the
concentration is increased from 10 to 40 mM but drops when c is
increased to 90 mM. These results for the surface-PA electrostatic
interaction (in the presence of trivalent cations) agree with those
obtained by Turesson et al. for adsorption onto like-charged surfaces in
the presence of Ca®"."*® Ulrich et al. also reported a similar behavior for
PA adsorption onto an oppositely-charged sphere™®. It should be also
mentioned that Wang et al. predicted trivalent-cation-mediated
adsorption onto a like-charged planar surface at salt-free solutions and
high salt concentrations of the order of 0.5 M, even larger than the
values studied in this work, although they did not explore intermediate

concentrations'®®,

Integrated charge distributions represented in fig. 4.20b permit us
to elucidate the role of charge inversion in the PA adsorption onto like-
charged surfaces at different M* concentrations. As can be seen, O
reverses its sign at the charged surface vicinity displaying a maximum

that increases with c. Conversely, this c-enhanced charge inversion is
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not correlated with the PA-adsorption onto the like-charged surface,
because at ¢ = 90 mM the adsorption diminishes while the magnitude of
the charge inversion is the highest. Examining gu(z) and gx(z) at this M**
concentration (fig. 4.20b, inset), we find that counterions and coions
form the electric double layer but, unlike the simulations at ¢ = 30 mM
(fig. 4.17b, inset), the counterions display a pronounced maximum after
the minimum. As a consequence, the effect of the charge inversion is
totally screened at short distances to the negatively charged plane. In
fact, it can be appreciated in the integrated charge distribution at ¢ = 90
mM in fig. 4.20b, that the charge density drops to zero at shorter
distances than the ones at more diluted regimes. In conclusion, the
balance between the charge inversion and the screening produced at
different MXs; concentrations determine the magnitude of the PA-
adsorption onto like-charged surfaces, being the adsorption optimal at

intermediate MX3; concentrations.
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Figure 4.20. (A) Helmholtz free energy F as a function of the distance of the center of
mass of the PA to the charged surface (z), for a 20 charged monomer PA interacting
with a like-charged surface of surface charge density g, = -0.20 Cm™ in the presence of
different MX; concentrations: ¢ = 10 mM (squares, purple), 20 mM (up triangles,
green), 30 mM (circles, orange), 30 mM (down trianges, brown) and 90 mM (inverted
squares, blue). Inset: Absolute value of the minimum of F (|Fmi|) as a function of c. (B)
Integrated charge density ai as a function of z. Inset: Counterion and coion distribution
functions, gu(z) (red) and gx(z) (blue), respectively for ¢ = 90 mM. Reprinted with
permission from ref. . Copyright (2014) AIP publishing LLC.

4.3.6. Influence of the counterion diameter

In the sections above, we have discussed the role of trivalent

cations in promoting the PA adsorption onto like-charged surfaces. The
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high valence of trivalent cations facilitates the surface charge inversion
and creates strong attractive interactions that stabilize the system during
the adsorption. Nevertheless, beside the electrostatic interactions,
volume excluded effects modulate the surface-PA interaction as well.
Furthermore, trivalent cations in solution are covered by a hydration
shell that may interfere the direct contact with negatively charged
objects. Therefore, simulations with M** of different diameter allows us to
characterize the strength of steric repulsions in the surface/M*/PA

complex formed upon adsorption.

Helmholtz free energy profiles for PAs interacting with like-
charged surfaces in the presence of either 0.4 or 0.8 nm diameter
trivalent cations are shown in fig. 4.21. Both curves display a minimum
near the surface. Hence, the PA adsorption onto the like-charge surface
takes place when it is mediated by trivalent cations of the studied
diameters. However, the adsorption is weaker in the case the M*
diameter dv = 0.8 nm, since F profile displays a minimum of less
absolute value. In other words, doubling the M*" diameter results in a
loss of stability in the surface/M*/PA complex. Steric repulsion, which is
accounted for in these simulations through the hard sphere potential,
keeps every pair of particles separated at a distance of at least the sum
of their radii. As a consequence, when the M** diameter is increased, the
distance between M* and the PA monomers and the distance between
M** and the negatively charge plane turns larger and this weakens the
electrostatic interactions that stabilize the surface/M**/PA complex. In

conclusion, the M*-mediated PA adsorption onto like-charged surfaces
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is less intense when the M®* diameter is increased.

Remarkably, the results shown in fig. 4.21 give insight about the
role of electrostatic interactions in the PA adsorption onto like-charged
surfaces in the presence of hydrated trivalent cations. In this way, the
increase in the effective ion radius because of the solvation produces a
reduction in the pairwise Coulomb potential between M?** and the
negatively charged objects. In fact, the value of dy = 0.8 nm used in this
simulation is close to the hydrated ion diameter of some trivalent metals
(AP* - 0.96 nm)>*. However, the CG model presented here cannot predict
the role of water molecules as the solvent is treated as continuum. In
this way, all-atomistic simulations could provide valuable information
about the effect of the water molecules in the M3%*-mediated PA
adsorption onto like-charged surfaces, in terms of interaction potential
and entropy. The first results in this line with MD simulations have been
recently published®®®®. According to these results, the Ca?* plays an
essential role in the DNA adsorption onto a negatively charged PS
monolayer by either directly bridging the interaction between negatively
charged groups or inducing a rearrangement in the monolayer
configuration and exposing positively charged groups as DNA binding
sites. Future simulations with cations of different nature and valences
would be useful to compare the results reported here about the effect of

volume excluded effects through the hydrated cation diameter.
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Figure 4.21. Helmholtz free energy F as a function of the distance of the center of
mass of the PA to the charged surface (z) for a 20 charged monomer PA interacting
with a like-charged surface of surface charge density g, = -0.20 Cm™ in the presence of
30 mM MX; for two different trivalent cation diameters: dy = 0.4 nm (circles, orange)
and dy = 0.8 nm (triangles, green). Reprinted with permission from ref. ®. Copyright
(2014) AIP publishing LLC.
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The experimental and theoretical results discussed in section 4

clearly evidence the spontaneous formation of a ternary complex anionic

membrane/cation/polyanion. Thus, we have extended the biophysical

characterization of these systems, describing a variety of features such

as their capability to encapsulate DNA, the influence of lateral packing in

their morphology at the interface or the role of electrostatic interactions

in their formation/destabilization mechanism. The main conclusions of

this thesis are summarized here:

Ca* mediates complexation of anionic phospholipid films with

DNA in solution and at the air-water interface.

Anionic lipoplexes form spontaneously from PC/PS 1:1 negatively
charged liposomes and DNA in the presence of Ca?.
Complexation increases with both the lipid-DNA ratio and the
concentration of Ca®. The binding saturates at high

concentrations of cations, as predicted by coarse-grain models.

The surface pressure modulates the complexation of anionic
saturated phospholipid monolayers at the air-water interface.
Complexation takes places at lower lateral packing (i.e. surface
coverage, surface pressure), while DNA molecules are expelled

from the monolayer at high lateral compression.

DPPC/DPPS 4:1 monolayer/Ca*/DNA interaction results in film
fluidisation and formation of interfacial aggregates, whose
morphology and size depends on the lateral packing and hence

could be potentially modulated by the surface pressure. At low
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surface pressures, DNA complexates mainly at DPPS-enriched
domains forming fractal net-like structures. At higher surface
pressure, phospholipid/DNA complexation adopts the form of

fibers lying on a discontinuous monolayer.

Phosphate groups have been experimentally identified as
functional groups involved in Ca?-mediated DNA binding to
unsaturated DOPC/DOPS 1:1 monolayers. These moieties keep
hydrated upon formation of the ternary complex at the air-water

interface.

Although different sorts of interactions are involved in anionic
lipoplex formation, the trivalent-cation-mediated attraction
between a negatively charged surface and a polyanion can be
predicted considering purely electrostatic interactions. The range
of the interaction is limited to a few nanometers. Beyond this
point, electrostatic attractive forces are so weak that they do not

lead to adsorption.

Electrostatic polyanion adsorption onto like-charged surfaces
mediated by trivalent cations increases with the electric charge of
either the polyanion or the surface. Since the magnitude of the
interaction, in terms of the shift in the 1-A isotherm, is the same
between zwitterionic and anionic monolayers in real systems, a
more detailed model, taking into account surface effects and

hydration, is requiered to fully describe the formation, stability and
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function of anionic lipoplexes.

» Surface charge inversion promotes electrostatic polyanion
adsorption onto like-charged surfaces mediated by trivalent
cations. This adsorption is weakened at high electrolyte
concentrations due to electrostatic screening. Therefore, a
delicate balance between charge inversion and electrostatic

screening determines the strength of the attraction.

To sum up, an innovative application of complementary
experimental and theoretical approaches have allowed to improve
current knowledge about the formation/stablisation mechanisms of
anionic lipoplexes. In this study, we present new results that extend the
physicochemical characterization of the anionic membrane-cation-
polyanion ternary system. In this way, we have analyzed in detail the
role of lateral packing in the resulting structures at the interface and the
role of electrostatic interactions in the formation/destabilization of
complexes. At this point, further research is needed to evaluate the
influence of the different sorts of interactions concerning anionic
lipoplexes. From the results presented here, a wider characterization
with other systems should help to understand better the formation,
stability and function of anionic lipoplexes. To this aim, refinement of the
different experimental and theoretical approaches used in this work and
others is desireable. Only in this way, we may achieve a rational design
and production of anionic lipopolex for a biomedical purpose in the

future.
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ANNEX: LIST OF PUBLISHED PAPERS

The most of the results presented in this manuscript have already
been published and we provide here the list of publications. Paper 1 is a
review article about the state of the art about biophysical
characterization of anionic lipoplexes, summarizing both experimental
evidences and theoretical insights. This information can be found in the
introduction of this thesis. Paper 2 is about the experimental
characterization of the DNA complexation onto anionic phospholipid
monolayers mediated by Ca®', discussed in section 4.1.1. Paper 3 tells
of coarse-grain simulations about polyanion adsorption onto like-
charged surfaces mediated by trivalent cations, discussed in section 4.3.
Full text of the published articles must be accessed through the editorial

website.

Paper 1

Title: Adsorption of DNA onto anionic lipid surfaces.

Authors: Alberto Martin Molina, German Luque Caballero, Jordi

Faraudo, Manuel Quesada Pérez and Julia Maldonado Valderrama.

Journal: Advances in Colloid and Interface Science. 2014, 206,
172-185.

Abstract: Currently self-assembled DNA delivery systems
composed of DNA multivalent cations and anionic lipids are considered
to be promising tools for gene therapy. These systems become an
alternative to traditional cationic lipid-DNA complexes because of their
low cytotoxicity lipids. However, currently these nonviral gene delivery

methods exhibit low transfection efficiencies. This feature is in large part
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due to the poorly understood DNA complexation mechanisms at the
molecular level. It is well-known that the adsorption of DNA onto likely
charged lipid surfaces requires the presence of multivalent cations that
act as bridges between DNA and anionic lipids. Unfortunately, the
molecular mechanisms behind such adsorption phenomenon still remain
unclear. Accordingly a historical background of experimental evidences
related to adsorption and complexation of DNA onto anionic lipid
surfaces mediated by different multivalent cations is firstly reviewed.
Next, recent experiments aimed to characterise the interfacial
adsorption of DNA onto a model anionic phospholipid monolayer
mediated by Ca* (including AFM images) are discussed. Afterwards,
modelling studies of DNA adsorption onto charged surfaces are
summarized before presenting preliminary results obtained from both
CG and all-atomic MD computer simulations. Our results allow us to
establish the optimal conditions for cation-mediated adsorption of DNA
onto negatively charged surfaces. Moreover, atomistic simulations
provide an excellent framework to understand the interaction between
DNA and anionic lipids in the presence of multivalent divalent cations.
Accordingly, our simulation results in conjunction go beyond the
macroscopic picture in which DNA is stuck to anionic membranes by
using multivalent cations that forms a glue layers between them.
Structural aspects of the DNA adsorption and molecular binding
between the different charged groups from DNA and lipids in the
presence of divalent cations are reported in the last part of the study.

Although this research work is far from biomedical applications, we truly
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believe that scientific advances in this line will assist, at least in part, in
the rational design and development of optimal carrier systems for

genes and applicable to other drugs.

Paper 2

Title: Using AFM to probe the complexation of DNA with anionic

lipids mediated by Ca?*: the role of surface pressure.

Authors: German Luque Caballero, Alberto Martin Molina, Alda
Yadira Sanchez Trevifio, Miguel Angel Rodriguez Valverde, Miguel

Angel Cabrerizo Vilchez and Julia Maldonado Valderrama.
Journal: Soft Matter. 2014, 10, 2805-2815.

Abstract: Complexation of DNA with lipids appears currently as
an alternative to classical vectors based on viruses. Still, most of the
research to date, focuses on cationic lipids owing to their spontaneous
complexation with DNA. Nonetheless, recent investigations have
revealed that cationic lipids induce a large number of adverse effects for
DNA delivery. Precisely, the lower cytotoxicity of anionic lipids accounts
for their use as a promising alternative. However, the complexation of
DNA with anionic lipids (mediated by cations) is still in early stages and
is not yet well understood. In order to explore the molecular
mechanisms underlying the complexation of anionic lipid and DNA we
propose a combined methodology based on the surface pressure-area
isotherms, Gibbs elasticity and AFM. These techniques allow elucidating

the role of the surface pressure in the complexation and visualizing the
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interfacial aggregates for the first time. We demonstrate that the DNA

complexes with negatively charged model monolayers (DPPC/DPPS

4:1) only in the presence of Ca2*, but is expelled at very high surface
pressures. Also, according to the Gibbs elasticity plot, the complexation
of lipids and DNA implies a whole fluidisation of the monolayer and a

completely different phase transition map in the presence of DNA and

Ca?*. AFM imaging allows identification for the first time of specific
morphologies associated with different packing densities. At low surface
coverage, a branched net like structure is observed whereas at high

surface pressure fibers formed of interfacial aggregates appear. In

summary, Ca?* mediates the interaction between DNA and negatively
charged lipids but also the conformation of the ternary system depends
on the surface pressure. Such observations are important new generic

features of the interaction between DNA and anionic lipids.

Paper 3

Title: Polyelectrolyte adsorption onto like-charged surfaces

mediated by trivalent counterions. A Monte Carlo simulation study.

Authors: German Luque Caballero, Alberto Martin Molina, and

Manuel Quesada Pérez.
Journal: The Journal of Chemical Physics. 2014, 140, 174701.

Abstract: Both experiments and theory have evidenced that multivalent
cations can mediate the interaction between negatively charged

polyelectrolytes and like-charged objects, such as anionic lipoplexes
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(DNA-cation-anionic liposome complexes). In this paper, we use Monte
Carlo simulations to study the electrostatic interaction responsible for
the trivalent-counterion-mediated adsorption of polyelectrolytes onto a
like-charged planar surface. The evaluation of the Helmholtz free energy
allows us to characterize both the magnitude and the range of the
interaction as a function of the polyelectrolyte charge, surface charge
density, [3:1] electrolyte concentration and cation size. Both
polyelectrolyte and surface charge favor the adsorption. It should be
stressed, however, that the adsorption will be negligible if the surface
charge density does not exceed a threshold value. The effect of the [3:1]
electrolyte concentration has also been analyzed. In certain range of
concentrations, the counterion-mediated attraction seems to be
independent of this parameter whereas very high concentrations of salt
weaken the adsorption. If the trivalent cation diameter is doubled the
adsorption moderates due to the excluded volume effects. The analysis
of the integrated charge density and ionic distributions suggests that a
delicate balance between charge inversion and screening effects
governs the polyelectrolyte adsorption onto like-charged surfaces

mediated by trivalent cations.
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