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Summary

The condensed structure of DNA in living cells has motivated extensive
experimental and theoretical studies. Over the last twenty years, the num-
ber of publications devoted to DNA condensation has grown exponentially,
especially due to its importance for the development of safer alternatives
to viral gene delivery. Cationic polymers spontaneously form interpolyelec-
trolyte complexes (IPEC) with DNA mainly due to the strong electrostatic
interaction between them. Polymeric structures “à la carte” can be ob-
tained with the help of modern polymer chemistry, allowing the rational
design of condensing agents with different functional domains. It is striking,
though, the scarce attention paid to the colloidal properties and behavior of
polyplexes in spite of the key role of size, stability, electrical and interfacial
properties, or morphology, in the success of the system.

This dissertation is aimed to bridge the gap between the rational design
of cationic polymers for gene delivery and the corresponding transfection
efficiency in vitro, through extensive physicochemical characterization of
the colloidal systems. More specifically, we evaluated the role of short
and long hydrophobic moieties in the DNA condensation process and the
subsequent properties of the system, analyzing features such as the size,
electrical properties, temporal stability, morphology, interaction with a model
membrane and ultimately, the transfection efficiency in vitro. Formulation
variables, such as the pH and the ionic strength were also investigated.

This multidisciplinary project required the use of a wide variety of exper-
imental techniques, ranging from biological procedures, such as bacterial
transformation, mammalian cell culture or toxicity assays, to physicochemi-
cal tools, including dynamic and static light scattering, electron microscopy,
or nanoparticle tracking analysis (NTA). What particularly stands out is the
use of the pendant drop technique to evaluate the interaction of the poly-
plexes/polymers with a model membrane, which consists in a phospholipid
monolayer at the air/water interface.

The in depth biophysical study performed in this thesis provides a better
understanding of the DNA condensation process and some of the factors that
modulate it. The role of the hydrophobic interactions in DNA compaction
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was further explored in this dissertation, and this force was found to modulate
not only the size and morphology of the polyplexes, but also the stability,
the interaction with a model membrane, the transfection efficiency and
even if the polyplex is formed or not. The experimental techniques used to
characterize the complexes have been proved efficient to establish differences
based on the condensation mechanism, and indirectly, on the structure of
the polymer.



Resumen

El ADN presenta una estructura compacta en las células que ha motivado
numerosos estudios teóricos y experimentales. A lo largo de los últimos
veinte años, el número de publicaciones dedicadas a la condensación del
ADN ha crecido exponencialmente, especialmente debido a su importancia
para el desarrollo de alternativas más seguras que las virales para el trans-
porte de genes. Los polímeros catiónicos forman de manera espontánea
complejos interpolielectrolito (CIPE) con el ADN, debido principalmente
a la fuerte interacción electrostática entre ellos. Gracias a la química de
polímeros actual, pueden obtenerse estructuras poliméricas a la carta que
permiten el diseño racional de agentes condensantes con diferentes dominios
funcionales. Sin embargo, resulta chocante la escasa atención que reciben
el comportamiento y las propiedades coloidales de los también llamados
poliplejos, a pesar del papel fundamental que juegan el tamaño, la estabili-
dad, las propiedades eléctricas e interfaciales, o la morfología, en el éxito
del sistema.

Esta tesis se propone reducir la brecha entre el diseño racional de polímeros
catiónicos para el transporte de genes, y su correspondiente transfección in
vitro, a través de una amplia caracterización fisicoquímica de los sistemas
coloidales. Más específicamente, hemos evaluado el papel de cadenas
hidrofóbicas de diferentes longitudes en el proceso de condensación del
ADN y las posteriores propiedades del sistema, analizando aspectos como
el tamaño, las propiedades eléctricas, la estabilidad temporal, la morfología,
la interacción con una membrana modelo, y finalmente la eficacia de
transfección in vitro. También se ha investigado la influencia de parámetros
como el pH y la fuerza iónica en la condensación.

El desarrollo de un proyecto multidisciplinar como éste, exige la utilización
de una amplia variedad de técnicas que abarcan desde procedimientos
biológicos, como la transformación de bacterias, los cultivos de células
de mamífero o ensayos de toxicidad, hasta herramientas fisicoquímicas
como la dispersión de luz dinámica y estática, la microscopía electrónica
o el análisis de la trayectoria de partículas (NTA, del inglés nanoparticle
tracking analysis). Destaca particularmente el uso de la gota pendiente para
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evaluar la interacción de los poliplejos/polímeros con una membrana modelo
constituida por una monocapa de fosfolípidos en la interfaz aire/agua.

El profundo estudio biofísico que se ha realizado en esta tesis proporciona
un mejor entendimiento del proceso de condensación del ADN y de algunos
de los parámetros que lo modulan. En este trabajo hemos investigado
el papel de las interacciones hidrofóbicas en la compactación del ADN,
y los resultados indican que esta fuerza no sólo modula el tamaño y la
morfología de los poliplejos, sino también la estabilidad, la interacción con
una membrana modelo, la eficacia de transfección e incluso si el poliplejo se
forma o no. Se ha demostrado que las técnicas experimentales utilizadas para
la caracterización de los complejos son eficaces para establecer diferencias
entre ellos basadas en el mecanismo de condensación, e indirectamente, en
la estructura del polímero utilizado.
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Introduction

The first chapter introduces the DNA condensation process and highlights
the motivation of the research conducted in the thesis and the main objec-
tives.
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2 1. Introduction

1.1 Research context and objectives

This thesis was carried out at the Fluids and Biocolloids Physics group,
which belongs to the Applied Physics Department of the University of
Granada. The research conducted in this dissertation was developed within
the framework of the MAT2010-20370 and MAT2013-43922-R (MICINN,
Spain) projects.

During the last ten years, the supervisors of this thesis, Dr. Jódar-Reyes,
Dr. Ortega-Vinuesa and Prof. Dr. Martín-Rodríguez, along with Dr. Peula-
García, have been working on a multidisciplinary project related to the physic-
ochemical characterization of colloidal systems for gene/drug/biomolecules
delivery. The ultimate goal of their research would be to optimize the prepa-
ration and storage conditions of such systems of interest in nanobiotechnol-
ogy.

The success of any delivery system intended for use under physiological
conditions will greatly depend on its colloidal properties and bulk behavior,
i.e. size, stability, electrical properties and morphology among others.
However, most of the papers devoted to gene delivery are focused mainly
on the transfection efficiency, and there appears to be a lack of attention
to the physicochemical characterization and/or the colloidal properties of
gene delivery systems. Figure 1.1 shows the number of articles devoted to
the topics indicated, as an example, published per year according to the ISI
Web of Knowledge.

Figure 1.1: Results of searching in Web of knowledge the topics indicated.
The bars indicate the number of published articles per year.
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In this context, the aim of this thesis is the colloidal characterization of gene
delivery systems based on the condensation of DNA with cationic polymers,
laying the groundwork for the establishment of a relationship between the
structure of the condensing agent and its effectiveness in transfection.

The specific goals of this dissertation were developed in collaboration with
the different research groups that synthesize the cationic polymers:

- Poly(β-aminoester)s (Chapter 3 and chapter 4): Dr. Borrós, Grup
d’Enginyeria de Materials (GEMAT), University Ramon Llull.
- PAMAM dendrimers (Chapter 5): Dr. Santoyo-González, Organic
Chemistry Department, University of Granada.
- Linear poly(amidoamine)s (Chapter 6): Dr. Wagner, Pharmaceuti-
cal Biotechnology, Ludwig Maximilian University.

Detailed information about the materials used in this research project can
be found in Chapter 2. The objectives of this thesis are therefore defined
as follows:

1) To determine the influence of hydrophobic moieties on the conden-
sation process and on the colloidal properties and bulk behavior of the
polyplexes.

a. Short hydrophobic moieties (Chapter 3): An extensive characteri-
zation will be done in order to elucidate the role of this modification
in the size, stability and transfection efficiency of the polyplexes.

b. Long hydrophobic moieties (Chapters 5 and 6): In addition
to the characterization of the colloidal properties of the particles,
the interaction with a cell membrane model will be investigated by
determining the adsorption kinetics and the interfacial dilatational
modulus of a phospholipid monolayer at the air/water interface. The
obtained results will be correlated to the transfection efficiency of
the complexes.

2) To evaluate the influence of formulation variables on the properties
and in vitro activity of polyplexes.
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a. pH (Chapter 4): A different value of pH from the physiological one
will be used to condense DNA in order to evaluate the consequences
in size, stability and in vitro activity of the polyplexes.

b. Ionic strength (Chapter 6): The effect of the initial concentration
of sodium chloride (NaCl) on the size, morphology and transfection
efficiency will be evaluated.

A brief description of the fundamental concepts and background related to
DNA condensation and gene delivery are provided in this first chapter to
facilitate a deeper understanding of the problem addressed in this research.

1.2 Fundamental concepts and background

Nearly every living cell and virus contains nucleic acids, either DNA or RNA,
to encode their genetic information. Each base pair has a length of 0.34
nanometers and diploid human cells have an average length of 6 · 109 base
pairs (bp). This means that the nucleus of a single cell with just a few
microns contains roughly 2 meters of DNA (if stretched out)1. This would
be comparable to packing an extremely thin thread of the length of the
Titanic into a marble!

DNA is naturally coiled into dense compact forms in a process known as
DNA packaging2. DNA is essential for cell functioning and every process is
based on the genetic information that it stores. This means that this tightly
condensed nucleic acid must become accessible to the enzymes involved
in replication, transcription and repair processes. In fact, the interplay
between different states of compaction is related to gene regulation3,4. For
that purpose, different systems of packaging are found in nature, from
simple mechanisms in phages to more sophisticated structures such as the
chromatin in eukaryotes.

Chromatin is the name given to the complex formed by DNA and certain
proteins called histones. DNA is wrapped around octamers of these positive
proteins in a beads-on-a-string configuration. Chromatin is further coiled
into a shorter and thicker fiber with an approximate diameter of 30 nm.
Finally, DNA becomes even highly compacted during the metaphase of the
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cell cycle. Chromosomes are formed to allow the partition of the genomic
material into the daughter cells. Once the cell has divided, its chromosomes
uncoil again.

Particular attention has been paid to the male germ cells5. In order to
optimize the swimming ability of the gametes, the DNA needs to be super-
compacted finding a greater than tenfold increase in compaction compared
with somatic chromatin. Further studies on this topic found out that most
of the histones are replaced by small protamines in sperm cells. This has
inspired posterior in vitro DNA condensation studies6,7.

DNA condensation or compaction is therefore understood as the decrease
of the volume occupied by DNA to an orderly collapsed state8. In the next
sections we will address some of the main issues in DNA condensation and
its application for gene delivery.

1.2.1 DNA in solution

Deoxyribonucleic acid (DNA) is a polyelectrolyte in which the basic units are
nucleotides bound by phosphodiester linkages. Nucleotides are molecules
composed by the sugar deoxyribose, a phosphate group and a nitrogenous
base that might be purine (adenine, guanine) or pyrimidine (cytosine,
thymine). Figure 1.2 shows the structure of the four nucleotides that form
DNA.

The sequence that these monomers follow is not trivial, since it stores all
the fundamental information required to perpetuate life. This information
may be deciphered by using a set of rules known as genetic code9. The
nucleotides are grouped three by three in the so-called codons, and they
are translated into aminoacids, which in turn form proteins. Since there
are four nucleotides and the codons are organized in triplets, there will be
43 = 64 possibilities, as shown in Figure 1.3.

Returning to the structure of DNA, the phosphate groups are ionized at
physiological pH due to its low pKa, providing one negative charge per
nucleotide. One strand of DNA can be seen as a highly negatively charged
polymer with hydrophobic side groups. Intuitively, two equal chains with
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Figure 1.2: Structures of deoxynucleotides and complementary pairing.

such a negative charge will be expected to repel each other in solution.
However, DNA is usually found double-stranded. This can be explained if
we consider the amphiphilic nature of DNA and the interactions among the
nitrogenous bases of the nucleotides10.

(a) Base stacking: The bases are planar or nearly planar and consequently
they can be stacked parallel one on top of the other. Intermolecular van der
Waals are short-ranged interactions, falling off with the sixth power of the
distance (1/r6). The base stacking maximizes this attractive interaction
through the closest possible distance.

(b) Base pairing: The bases can form hydrogen bonds through their multiple
donors and acceptors. The geometrical restriction given by the base stacking
leads to the phenomenon known as complementary pairing. According to the
model proposed by Watson and Crick11, adenine would form two hydrogen
bonds with thymine, while guanine would form three hydrogen bonds with
cytosine (see Fig. 1.2). The hydrogen bonds found in the base pairs are
mutually stabilized, which means that each hydrogen bond induces a dipole
that reinforces another hydrogen bond.
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Figure 1.3: The genetic code.

(c) Hydrophobic interactions: Due to the hydrophobic character of the
nitrogenous bases, the molecules of water are structured around them. The
stacking of the bases helps minimizing the contact with water, which is
released resulting in entropy gain that favors pairing.

Accordingly, DNA in solution will be generally forming the very well known
double helix structure, with the negatively charged phosphates on the outside
and the bases located inside.

1.2.2 DNA condensation in vitro

The condensed structure of DNA in living cells12 has motivated extensive
experimental and theoretical studies with the participation of several disci-
plines, such as biology, biochemistry, physics or physical chemistry. Many
chemical agents are known to cause DNA condensation, either by reducing
the electrostatic repulsion between DNA segments, or by excluding volume
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to the unfolded DNA chain. Some of them are briefly commented here.

1.2.2.1 Polycations

Cationic polymers spontaneously form interpolyelectrolyte complexes (IPEC)
with DNA due to the strong attractive electrostatic interaction between
them13. DNA-polymer complexes are also known as polyplexes and their
popularity has increased over the last twenty years. The huge advances
in polymer chemistry have allowed the synthesis and modification of wide
libraries of on-demand polymers for diverse purposes14.

Typical examples of polycations used to condense DNA are
polyethyleneimine15, polypeptides16 such as polyarginine or polyly-
sine, polyaminoamides17, chitosan18, and many others19,20.

Figure 1.4: Condensation pathways upon addition of cationic polymer to
DNA.

The DNA coil-globule transition induced by polycations can proceed through
all-or-none compaction (interchain segregation) or through progressive com-
paction (intrachain segregation)21 as schematized in Figure 1.4. Polymers
with low valency (multivalent cations) induce all-or-none compaction and
they need to be added in excess to achieve full compaction. On the other
hand, when long polycations are used, the collapse might proceed via inter-
mediate structures or directly from the coil to the globule, depending on
the concentration of salt22 and on the chemical nature of the polymer23.
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In both cases segregation appears at intermediate concentrations of the
cationic polymer.

1.2.2.2 Other condensing agents

a) Multivalent cations

Many studies since the seventies have demonstrated that multivalent cations
can induce DNA condensation in vitro24. Toroidal structures similar to those
from bacteriophages where found when using the naturally occurring trivalent
polyamine spermidine25. Spermine, with 4 positive charges per molecule,
was also used succesfully26. Conversely, neither the diamine putrescine
nor divalent cations such as Mg2+ were able to compact DNA. Based on
these evidences, the inorganic trivalent metal ion complex Co(NH3)3+

6 was
tested and similar structures were found27. While the cation valence has a
fundamental role in the condensation process, it was found that the spacing
of the charges also influences the efficiency of the compaction agent. A
geometrical fit between both positive and negative charges gives the best
results28. In addition, the methylene groups between the amino groups in
polyamines might interact with DNA via hydrophobic contacts29.

b) Crowded environment of neutral polymer

According to the previous section, monovalent cations such as Na+ cannot
condense DNA. But there is an exception, the so-called ψ-condensation30
(psi, polymer and salt induced). When high concentrations of monova-
lent cations are added to a DNA solution along with neutral polymers,
compaction takes place31. The neutral polymer excludes volume to DNA
due to unfavorable contact between them. The space available for DNA
in its extended conformation decreases at a critical concentration of the
neutral polymer and collapse occurs. Polyethylene glycol (PEG) is one
example of polymer that induces psi-condensation and it has been widely
studied32,33.

c) Surfactants

Cationic surfactants can compact DNA into individual nanoparticles34,35.
Apart from the electrostatic interactions between the positively charged
polar heads and DNA, a strong dependence on the hydrophobic tail length
has been found. Apparently, hydrophobic interactions favor compaction and
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the process is similar to the formation of micelles. The binding of cationic
surfactants to DNA seems to be cooperative and it occurs at concentrations
below the CMC36.

Anionic surfactants do not induce a conformational change in DNA as
expected. Nonionic surfactants, on the other hand, produce DNA collapse
by means of an increase of the osmotic pressure37, a process similar to the
psi condensation previously mentioned.

d) Liposomes

Lipoplex is a term used to designate complexes formed by DNA and lipo-
somes. Those complexes have been used since the eighties to efficiently
deliver exogenous DNA into eukaryotic cells with therapeutic purposes38.
The negatively charged DNA was initially believed to wrap around the
positively charged liposomes, maintaining their size and shape39. It was not
until the use of the freeze-fracture electron microscopy that it was seen that
DNA acted as a fusogenic agent and induced morphological changes such
as multilamellar complexes, spaghetti and meatball structures, hexagonal
phases and others40–42. Motivated by the high cytotoxicity of cationic
liposomes, some investigations have been focused on anionic liposomes43–45.
This type of lipoplexes is usually formed by mediation of multivalent cations,
typically Ca2+.

1.2.3 Forces in DNA condensation

DNA condensation can only occur if the attractive interactions are stronger
than the repulsive ones. In this section we will analyze some of the forces
involved in the complicated process of DNA compaction.

1.2.3.1 Bending

The stiffness of DNA is quantified with a parameter known as persistence
length, which is the distance over which the direction of a polymer segment
persists due to limited flexibility of the polymer. The persistence length
of DNA depends on the ionic strength of the medium, since at low salt
concentration the repulsion between the negatively charged phosphates is
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high. It has been calculated that at the physiological salt concentration the
persistence length of DNA is about 30-50 nm (90-150 bp)46. In spite of
such a high stiffness, due to the typical lengths of DNA this polyelectrolyte
can be considered as a wormlike chain, except for short DNA, which behaves
as a rigid rod.

The energetic cost of bending DNA might be overcome by using condensing
agents24 or even through sequence-directed bending47,48.

1.2.3.2 Mixing entropy

When DNA is compacted, the solvent is excluded, due to favorable interac-
tions between DNA and the condensing agent. There is an entropic loss
caused by the demixing of DNA and solvent24. The configurational entropy
of the unfolded DNA homogeneously mixed with the condensing agent
and the molecules of the solvent is higher than that of the collapsed state.
Accordingly, mixing entropy opposes DNA condensation.

1.2.3.3 Hydration entropy

The hydration entropy gain49 emerges from the reconfiguration of the water
molecules that are bound to DNA when it is unfolded. When the condensing
agents interact with DNA, rearrangement or release of water molecules
occurs, increasing the overall entropy of the system24. Consequently, DNA
condensation is favored.

1.2.3.4 Electrostatic interactions

As stated previously, DNA has one phosphate group per nucleotide. This
means that on average, DNA has a negative charge each 0.17 nm, which
makes electrostatic interactions the most significant forces involved in DNA
condensation. In solution, DNA is usually accompanied by monovalent
counterions such as Na+. Those positively charged ions will be attracted
to the macroion (DNA) but thermal energy will tend to send them away.
Whether the counterions are kept close to DNA or free in solution will
depend on the electrostatic-entropic balance.

Manning described a polyelectrolyte in solution as an infinite charged rod
and concluded that if the surface has a sufficiently high charge density, the
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Coulomb potential energy would overcome the entropy penalty and the
counterions will remain condensed on the cylinder50. Instead of localized
salt-like interactions, the counterions are kept mobile forming an ionic cloud
that minimizes the entropic cost. Consequently, the effective charge of the
polyelectrolyte is reduced proportionally to the valence of the counterion.
89-90 % of the charge of DNA must be neutralized to induce condensation
as estimated by Wilson and Bloomfield51. Monovalent and divalent cations
cannot condense DNA, because they are not capable of reducing that much
the charge of DNA.

Most of the condensing agents considered in previous sections are positively
charged to interact with the negative charges of DNA. Since counterions are
initially condensed onto the DNA, the cationic polymer must compete with
those ions. As a result, counterions are released, which means an entropic
gain that favors the polycation-DNA interaction. In fact, calculations of the
free energy were done and it was found that the entropic term is twice as
large as the enthalpic term that considers all the electrostatic contributions52.
Surprisingly, the condensation process induced by a cationic compound is
not electrostatically driven, but entropically. As a consequence of the
counterions release, the formed complex might be overcharged, which could
not be possible otherwise due to repulsion.

1.2.3.5 Like-charge attraction

It was clear from Manning’s theory and many other classical mean-field
studies that counterions and cationic compounds reduced the overall charge
of DNA. But the advances in polyelectrolyte theories demonstrated the
emergence of a short-range attraction force between the negatively charged
chains of DNA when multivalent cations were added. This phenomenon of
like-charge attraction (which cannot be explained with mean-field theories
because they always yield repulsion) is based on correlations between the
multivalent cations condensed onto the polyelectrolyte53.

Correlations occur as a consequence of the strong interactions of the
multivalent cations with DNA and with each other. The cationic compounds
are not randomly positioned, but they form a strongly correlated liquid on
the surface of DNA to gain some energy54.
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The electrostatic repulsion between the multivalent cations produces an
alternating pattern of positive and negative segments on the surface of
DNA. Those segments will adjust to each other to minimize the energy,
giving rise to short-range attractive forces55.

Figure 1.5: Phase diagram illustration of the reentrant condensation of plasmid
DNA based on the competition between electrostatic repulsion and correlation
attraction.

From the competition between electrostatic repulsion and the correlation
attractive forces, three regimes can be distinguished during DNA compaction,
usually know as reentrant condensation56, and the corresponding phase
diagram is shown in Figure 1.5. At low concentration of the cationic
compound, complexes with DNA are formed, but the Coulombic repulsion
is predominant and DNA remains unfolded. Above a critical concentration
of multivalent cation, Nc, the correlation attraction appears and DNA is
condensed into negatively charged complexes. At the neutralization point
there is no electrostatic repulsion, and neutral complexes are formed. In
absence of other mechanisms of stabilization, such as steric or hydration
forces, those complexes will aggregate. Further addition of multivalent
cations leads to charge inversion, and positively charged complexes are found,
which might be kinetically stable due to strong interparticle electrostatic
forces. However, it was observed that above the concentration Nd, repulsion
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overcomes the correlation attractive forces again and DNA is re-dissolved
adopting an elongated conformation positively charged. The re-dissolution
is rarely observed with long polycations.

The phase diagram is defined by the two concentrations required for conden-
sation and redissolution, but the boundaries depend on several parameters.
The decondensation depends on the DNA length, the chemical nature and
length of the polycation used, and the monovalent salt concentration. The
distance between Nc and Nd can vary as a function of DNA concentration
and monovalent salt. To sum up, keeping constant the concentration and
length of DNA, the phase diagram will depend on the chemical nature of
the condensing agent and on the concentration of monovalent salt.

1.2.3.6 Hydrophobic interaction

Hydrophobic interactions may also contribute to DNA condensation. In
fact, the hydrophobic forces are fundamental for many biological processes,
such as the protein folding or the formation of the lipid bilayer of the
membranes. Unfortunately, this effect is not yet well understood and it is
usually overlooked, though it is being increasingly recognized. Qualitatively
it can be understood as a force that causes clustering of hydrophobic
moieties57. Thus, lipophilic modification of the condensing agents can
benefit the DNA compaction as a result of the gain in hydrophobic energy
that results of close packing of the hydrophobic segments. Some authors
observed a cooperative binding of amphiphilic condensing agents, such as
surfactants, liposomes or covalently modified polycations as a consequence
of the hydrophobic interaction58–60. The influence of this interaction, that
can be stronger than hydrogen bonds or Van der Waals forces, remains to be
thoroughly investigated and it will be one of the aims of this dissertation.

1.2.4 Gene delivery

The interest in DNA condensation has increased over the last twenty years
and the number of publications on this topic has grown explosively. One of
the reasons is the theoretical studies on the properties of polyelectrolytes
and the interaction forces involved in compaction that DNA has allowed.
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But it is probably due to the emergence of the so-called gene therapy that
DNA compaction is in the limelight.

1.2.4.1 Definition of gene therapy

Gene therapy is a promising therapeutic strategy that ensures the introduc-
tion of intact genetic material into a human cell in order to cure or prevent
a disease with genetic basis61. Theoretically, it consists in the application
of one of these three therapeutic approaches:

- Insertion of a functional gene that replaces a distorted gene.
- Inactivation of a mutated gene.
- Introduction of genes that express proteins that might help to fight

the disease (i.e. pro-apoptotic enzymes, prodrugs. . . )

However, in practice gene therapy must struggle with so many obstacles that
it has led to disillusionment and a sense of failure. We cannot forget that
since the first human gene therapy trial performed in 1989 by Rosenberg62
and his team, more than 2000 clinical gene therapy trials were performed
up to 2014. Maybe the current approaches will never succeed. But deeper
understanding of DNA encapsulation and the properties of the resulting
particles will be a key to success. Quoting Theodore Friedmann, “gene
therapy will happen, but in good time"63.

1.2.4.2 Gene vectors

Gene vectors are defined as the "systems designed to aid the transference
of an exogenous gene to the cell, facilitating its entry and intracellular
bioavailability and enabling its expression at the appropriate level for an
adequate time period64".

Viruses are natural vectors which efficiently deliver their genomes into
the host cells where their genetic material is successfully expressed. By
using genetic engineering it is relatively easy to modify viral particles to
replace the pathogenic sequences by the therapeutic ones. The result of
this modification has been called a viral vector, and consequently, all the
chemical-based DNA carriers are known as non-viral vectors.
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The in vivo efficiency of viral vectors has not yet been overcome by the
non-viral ones, but the immunogenicity and high costs of production of viral
vehicles limit their use and motivate the investigation of better “artificial
viruses65". Nevertheless, non-viral vectors are routinely used for the synthesis
in vitro of viral vectors66 and some formulations have been proven efficient
for the induction of pluripotent cells67,68.

Non-viral vectors are usually formed by condensing DNA with the chemical
compounds mentioned in Section 1.1.2. Consequently, their transfection
ability will be related to the nature and structure of the condensing agent,
but also to the environmental parameters that modulate the condensation
process.

1.2.4.3 Biological barriers to gene delivery

The lower efficiency of nonviral gene vectors when compared to viral sys-
tems is mainly due to their inability to overcome the numerous barriers
encountered along the in vivo transfection process, which are schematized
in Figure 1.6. We will further examine each step in order to understand the
requirements that the ideal gene vector should meet.

a) Protection of the plasmid DNA

If the decided administration route is intravenous, it has to be taken into
account that blood is an extremely complex dispersion of cells in a liquid
phase known as plasma. The gene vector would be exposed to electrolytes,
hormones, blood proteins, enzymes and many other blood components.
It is especially concerning the presence of nucleases, a ubiquitous type
of enzyme capable of hydrolyzing the phosphodiester bonds of the DNA
strands. Therefore, the carrier must protect DNA from degradation by
serum nucleases.

Furthermore, the physiological ionic strength corresponds to approximately
150 mM of NaCl. The interactions between DNA and most of the condens-
ing agents are highly dependent on the salt concentration, as previously
explained. Accordingly, the stability of the carrier should be tested at
biologically relevant conditions. Aggregates might cause partial or complete
occlusion of blood vessels or capillaries, a process known as embolization.
Although some embolic nanomaterials have been designed to deliberately
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Figure 1.6: Diagram of the biological barriers to gene delivery upon intravenous
administration.

block blood vessels69, it is generally an undesirable side effect that should
be controlled.

Unfortunately for our purpose, the immune system is in charge of the
rapid clearance of exogenous elements from the bloodstream which can
occur within minutes. The complement system is usually activated the
first time that the carrier is inoculated. This primitive part of the immune
system is composed by a group of proteins that trigger a biochemical
cascade aimed at the removal of pathogens. The non-specific adsorption
of the so-called opsonins onto the surface of the particle may activate the
complement system and receptor-mediated phagocytosis occurs. Worse still,
cell-mediated immunity might be stimulated by the complement system
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causing allergy to the injected material, which will be specifically recognized
if ever injected again70,71. In order to avoid the adsorption of plasma
proteins, neutral polymers such as polyethyleneglycol (PEG) have been
extensively used, usually grafted to the condensing agents, in order to
improve the circulatory half-life of the carrier72,73.

b) Extravasation

The internal surface of the blood vessels is covered by a cell monolayer called
endothelium that serves as a semipermeable barrier between circulating blood
and tissues. Unless the targeted cell type is precisely the endothelium, the
DNA carrier will have to extravasate from the blood stream into the disease
site. Under normal circumstances the threshold limit is approximately 3 nm
in radius74 owing to the tight endothelial junctions. However, the blood
vessels in the vicinity of solid tumors or inflammation sites are structurally
different and present a larger pore size. Consequently, particles smaller than
500 nm (preferentially under 150 nm) in diameter will be extravasated due
to the phenomenon known as enhanced permeation and retention75 (EPR).
The EPR effect has been used for passive targeting, since the carriers can
only access to damaged tissues76.

c) Specific targeting

Typically, it is assumed that positively charged carriers will facilitate inter-
action with cell membranes, which are slightly negatively charged. While
this is true and it works well for in vitro experiments, positively charged
carriers bind nonspecifically to any cell, damaged or not, limiting their use
in vivo. On the other hand, neutral or anionic vectors may be completely
unable to enter the cells at all. A specific ligand bound to the carrier might
mediate a receptor-ligand uptake, increasing the efficiency and reducing the
side-effects. Targeting strategies for gene delivery usually are based on the
covalent coupling of specific ligands to the condensing agent. The RGD
(arginine-glycine-aspartic acid) peptide motif77, transferrin78, the epidermic
growth factor (EFG)79, folic acid80,81, or specialized antibodies82 are just
some of the investigated ligands.

Our first studies with colloidal systems for therapeutic delivery were done
with a cationic polymer, chitosan, covalently modified with folic acid80.
We demonstrated that the uptake of the nanocapsules coated with the
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chitosan-folate was increased due to the presence of a specific ligand, and
they were internalized via folate receptor, since the blockage of the receptor
decreased the uptake (Fig. 1.7).

Figure 1.7: Relative fluorescent intensity of MCF-7 cells when incubated for
4 h with Red Nile loaded nanocapsules coated with chitosan (light gray) and
chitosan-folate (dark gray). The patterned columns represent experiments in
which the membrane folate receptors had been previously blocked with free
folic acid.

d) Endocytosis

Although some vectors, especially those including lipids, can enter cells via
fusion with the plasma membrane, the majority of the non-viral vectors
studied appears to enter via endocytosis, whether they bear specific ligands
or not. The different endocytic routes known in mammalian cells83 are
schematized in Figure 1.8. Since phagocytosis is restricted to specialized
cells, by endocytosis we are usually referring to pinocytosis. In this process,
the material is progressively enclosed by a small portion of the cell membrane,
which first invaginates and then pinches off to form an endocytic vesicle
containing the DNA carrier2. Not all of these mechanisms are completely
understood yet, but some pathways have been identified during the uptake
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of non-viral vectors. The most common are clathrin-dependent, caveolae
mediated and macropinocytosis84.

In the absence of targeting strategies, the entry is generally said to be
by adsorptive endocytosis. The uptake can be modulated by tuning the
nonspecific interactions between the vector and the cell membrane85.

- Electrostatic interactions: Proteoglycans are a type of protein
present on the cell surface grafted to negatively charged glycosaminoglycans
(GAGs) exposed to the extracellular space. The electrostatic interaction
between positively charged DNA carriers and proteoglycans is believed to
mediate internalization, although the mechanism is unclear.

- Hydrophobic interactions: The cell membrane is composed by a
bilayer of phospholipids. It is plausible to think that lipophilic modifications
of the condensing agents might enhance the adsorption of the particle
to the membrane, fomenting endocytosis86. While lots of studies show
increased transfection when hydrophobic substituents are added87, further
investigation on the specific interaction particle-membrane would help to
clarify its relevance.

- Cell penetrating peptides (CPPs)88: Some viruses have proteins ca-
pable of penetrate the cell membrane and facilitate translocation. Sequences
of 5-40 aminoacids belonging to those proteins have been identified and they
are known as CPPs. The peptides are amphipathic and positively charged
and the uptake is not clear yet, but it is believed that the lysosomal route
(explained below) might be avoided, which would be a huge advantage.

e) Endosomal escape

Depending on the entry pathway, the endocytic vesicle containing the DNA
carrier might eventually fuse with lysosomes89, which are vesicles containing
digestive enzymes. Once the fusion takes place, the pH inside the vesicle
is acidified a couple of units and the contained material is degraded by
the proteases, lipases, DNases, etc. which are conveniently active only at
acidic pH, avoiding the risk of self-destruction. Consequently, escape from
the endosomes is essential for efficient transfection90. This step is usually
considered the bottleneck of gene delivery.

Several strategies have been investigated to achieve endosomal release of
the non-viral vectors:
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Figure 1.8: Scheme of the endocytic pathways in mammalian cells.

- Proton sponge91,92: This strategy is based on the buffering capacity
of the condensing material, and it is usually referred to polymers. The
membrane proton pump ATPase actively introduces protons into the vesicle
followed by the passive entry of the corresponding Cl− anions. The proton-
able groups of the polymers will trap the protons and the pH is maintained,
due to their high buffering capacity. Consequently, both protons and chloride
anions will be continuously entering, increasing the osmotic pressure of the
compartment. Water influx will swell the endosomes and its content is
eventually released to the cytosol93. Some of the studied polymers known
to escape from the endosome through this mechanism are polyethyleneimine
(PEI), polyamidoamine (PAMAM), imidazol derivatives, etc.

- Lysosomotropic agents94: The strategy is similar to the proton
sponge effect. Lysosomotropic is the name given to any substance that
is accumulated and sequestered in the lysosomes by a mechanism of ion
trapping. Typically these molecules are small, slightly hydrophobic and
weakly basic. At physiological pH they are not ionized and passively diffuse
across the membranes. Under the acidic environment of the lysosomes,
they acquire charge and cannot diffuse freely. Its accumulation raises the
osmotic pressure and the endosome is destabilized. Chloroquine and sucrose
are an example of lysosomotropic agents that have proven to improve the
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transfection efficiency in vitro95.

- pH-sensitive liposomes or fliposomes96: It has been observed that
some lipids are capable of forming stable bilayers at physiological pH, but
under acidic conditions a flip-flop mechanism occurs. As a consequence
of the structural change, the membrane is destabilized and the cargo is
released in the cytosol97.

- Fusogenic peptides98: Synthetic fusogenic peptide sequences have
been created by mimicking the endosomal escape mechanism of some
viruses. It consists basically on the fusion of the DNA carrier with the
membrane of the endosome by using the peptide. Sequences derived from
the hemoaglutinine (HA) of the influenza virus have been investigated
showing a significant improvement of the transfection efficiency99.

Regardless the strategy used to escape from the endosome, once the gene
vector finally reaches the cytosol, it is exposed to a reducing environment.
The pH acidification of the endosome and the intracellular reducing condi-
tions are environmental parameters that can be further exploited to activate
specific functions and create an efficient and dynamic “artificial virus”65.

f) Transfer into the nucleus

Plasmid DNA needs to be transferred into the nucleus of the cell, where the
corresponding messenger RNA (mRNA) will be synthesized and exported
back to the cytosol. The proposed entry mechanisms are exposed below:

- Mitosis: The nuclear envelope is absent during cell division in order
to allow chromosomal segregation. It can be deduced that transfection
would be more efficient in rapidly dividing cells, taking advantage of the
cell cycle. This has been observed in several studies100.

- Nuclear Pore Complexes: The interchange of materials between the
nucleus and the cytosol occurs through the Nuclear Pore Complexes (NPCs).
Those protein structures are highly selective and they are implicated in
both active and passive transport across the nuclear envelope101:

i) Passive transport: The NPCs allow the entry of molecules with
a diameter up to 10 nm without energy consumption. Even if the
DNA were still condensed, these apertures are extremely small,
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which makes this mechanism unlikely, especially for high molecular
weight plasmids.

ii) Active transport: There are many proteins that functions in-
side the nucleus, such as the DNA polymerases. Since they are
synthesized in the cytosol, there has to be a mechanism that in-
volves targeting and specific transport across the nuclear envelope.
The import of those proteins is specified by short sequences of
aminoacids known as nuclear localization sequences (NLSs). The
mechanism is ATP-dependent and the NPCs diameter can reach
30 nm in diameter. Consequently, covalent attachment on NLS
peptides to the condensing agent or the DNA itself will help the
nuclear import of the exogenous genetic material102,103.

- Other : A low percentage of exogenous DNA is always found in the
nucleus after transfection. It can be deduced that there exist other entry
mechanisms still unknown.
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Methodology

The second chapter is dedicated to the description of the materials,
protocols and techniques used along this dissertation.
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2.1 Materials

2.1.1 Plasmid DNA

Plasmid DNA was chosen for this thesis due to its unique properties. These
circular and double-stranded DNA molecules are usually found naturally
in bacteria and they are replicated independently from the chromosomal
DNA. Using restriction enzymes, an exogenous gene of interest can be
inserted in the sequence and the plasmid can be used for both replication
and expression. Accordingly, plasmid DNA can be easily amplify by using
competent bacteria and it can also be used to transfect mammalian cells,
where the corresponding protein of interest will be expressed. Two plasmids
with different biological applications, pEGFP and pRevTre have been used
and a detailed description is provided below.

2.1.1.1 pEGFP

Reporter genes are frequently used to determine the efficiency of transfection
of any gene delivery system. They must provide an easily identifiable or
measurable characteristic to the cells expressing it. A convenient reporter
for monitoring transfection efficiency is the green fluorescent protein (GFP).
When excited by blue or UV light, the protein emits bright green fluores-
cence light. GFP is typically detected by fluorescence microscopy or flow
cytometry. Genes encoding green fluorescent proteins have been cloned
from various organisms such as the jellyfish Aequorea Victoria. To facilitate
their use as reporters, several GFP variants have been developed and they
are commercially available. That is the case of EGFP-C1 which is encoded
in the pEGFP-C1 plasmid from Clontech (see Map in Figure 2.1) used in
this work. It was kindly provided by Dr. Márquez (Molecular Biology and
Biochemistry, University of Málaga, Spain). The plasmid confers resistance
to kanamycin (30 µg/mL) to E. coli hosts and its size is 4.7 kbp.
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Figure 2.1: Restriction map and multiple cloning sites of pEGFP-C1 (Clontech)

2.1.1.2 pRevTre-gef

The majority of the plasmids are intended for transient transfection. This
means that the exogenous gene will not be integrated into the genome
nor replicated. However, it is possible to use the machinery of naturally
occurring retroviruses to integrate a gene of interest into a host cell. And this
is the aim of the RevTet-On system (Clontech), that allows the production
of stable cell lines with a tetracycline-inducible gene expression system. It
is based on the creation of retroviral vectors capable of infecting a wide
range of mammalian cells. The gene of interest can be inducibly expressed
at high levels in response to varying concentrations of the tetracycline
derivative doxycycline (Dox). For that purpose, three elements are needed:
the pRevTet-On plasmid, which contains the reverse tetracycline-controlled
transactivator (rtTA) , the pRevTre plasmid, which contains the gene of
interest, and a cell line capable of producing the retrovirus, such as the
Retropack PT67.

In our case, the gene of interest is the gef gene, found in Escherichia
coli DNA, which encodes a small (50 amino acids) protein related to cell-
killing functions1. It was inserted in the pRevTre by Dr. Boulaiz at the
Human Anatomy and Embriology Department (IBIMER) of the University
of Granada (Spain). The corresponding pRevTre-gef plasmid DNA, with an
approximate size of 6.5 kbp was kindly provided by Dr. Boulaiz. The map
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Figure 2.2: Restriction map and multiple cloning sites of pRevTre (Clontech)

of the plasmid can be seen in Figure 2.2. The plasmid confers resistance to
ampicillin (50 µg/mL) to E. coli hosts.

2.1.1.3 Bacterial transformation

Bacteria are normally used to store and replicate plasmid DNA, even those
designed for use in mammalian cells. For this reason, plasmids include in
their sequences a bacterial origin of replication and an antibiotic resistance
gene to be used as selectable marker.
Some bacteria strains have been genetically modified to be more easily trans-
formed with exogenous plasmids. This is the case of Top10 or DH5α. Under
specific chemical or electrical treatments, bacteria become ‘competent’,
which means that they are more susceptible to transformation.

Transformed DH5α containing the pRevTre-gef were provided by Dr. Boulaiz.
To store and amplify the pEGFP plasmid, the competent Escherichia Coli
Top10 host strain (Microbiology Department, UGR) was transformed with
the heat shock method described below .
The circular region of Whatman filter paper containing the spotted DNA
was cut out and placed inside a 1.5 mL microfuge tube. The sample was
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allowed to dilute in 100 µL of MilliQ water for 2 hours at room temperature.
An aliquot of 10 µL of the plasmid solution was then pipetted into a glass
tube placed on ice and 100 µL of previously thawed competent Top10 were
added without further mixing. The bacteria were incubated on ice for 20
minutes, followed by heat shock at 42oC for 2 minutes. The tube was
returned to ice for another couple of minutes and 1 mL of 2xYT medium
was added to allow recovery in a shaking incubator at 37oC for 1 hour.
Aliquots of the cell suspension were plated on 2xYT-agar + kanamycin (50
µg/mL) selective plates and incubated overnight at 37oC. Transformant
colonies were grown in liquid 2xYT medium for storage and amplification.

2.1.1.4 Plasmid DNA amplification

500 µL of the transformed bacteria containing the plasmid were inoculated
into 10 mL of 2xYT sterile medium containing antibiotic (50 µg/mL ampi-
cillin for pRevTre-gef or 50 µg/mL of kanamycin for pEGFP) and incubated
at 37oC overnight. The next day, aliquots of 5 mL of the cultured cells
were added into 1 L of antibiotic-medium in 2L erlenmeyers capped with
sterilized hydrophobic cotton plugs to avoid contaminations. The flasks
were allowed to grow overnight at 37oC in a shaking incubator.

The transformed E.coli were harvested by centrifugation at 5000g for 5
minutes and the supernatant was discarded. According to the manufacturer’s
protocol (Figure 2.3), the pellet was subjected to a modified alkaline-SDS
lysis and the obtained lysate was cleared by filtration. The binding solution
and the silica membrane in the presence of high salts help to the capture
of DNA, which can be washed thoroughly. The DNA was finally eluted in
endotoxin-free water and it is ready to be used or stored at -20oC.
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Figure 2.3: Manufacturer’s protocol for plasmid amplification. GenElute is a
Trademark of Sigma Aldrich Co.
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2.1.1.5 DNA concentration and quantitation

The ethanol precipitation protocol was followed when a higher concentration
of DNA was required. 200 µL of original DNA solution were pipetted into
a 2 mL centrifuge tube along with 22 µL of sodium acetate 3M solution
and 488 µL of 100% ethanol cold. The solution was thorougly mixed
and incubated on ice for 20 minutes. The DNA was then pelleted by
centrifugation at 14000 rpm for 15 minutes at 4oC. The supernatant is
discarded and the pellet is washed with 1 mL of 70% ethanol. After 10
minutes of centrifugation, the ethanol is removed and the pellet is air dried.
Overdried pellets will take longer to dissolve. The DNA can be resuspended
in a volume lower than the original of the required solvent.

DNA concentration is commonly estimated by absorbance at 260 nm (A260),
wavelength at which the DNA shows maximum absorption due to the
aromatic nitrogen bases. Direct measurements of A260 can be converted to
concentration using the Lambert-Beer law:

A = ε· ł · c (2.1)

where A is the absorbance, ε is the molar extinction coefficient, which
for double-stranded DNA is known to be 0.020 mL/(µg· cm), l is the
light pathway and c is the concentration(in the units corresponding to
ε). Care should be taken to use UV-transparent cuvettes and to keep the
A260 readings within the linear range (generally 0.1-1). The stock DNA
concentration will be obtained multiplying by the dilution factor.
The purity of the DNA solution is routinely checked by reading the ab-
sorbance at 280 nm, a wavelength typical of proteins. The ratio A260/A280
is kept between 1.7-2.0 in good-quality samples.

2.1.2 Poly(β-aminoester)s synthesis

The poly(β-amino ester)s (pβAEs) used in this dissertation were synthe-
sized by Nathaly Segovia at the Dr. Borrós’ group (Material Engineering
GEMAT-IQS, University of Ramon Llull, Barcelona). The two-step synthesis
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procedure has been previously described2–4. Briefly, hexane-1,6-diyl diacry-
late was polymerized with 4-amino-1-butanol in a 1.2:1 molar ratio, yielding
poly-5-amino-1-pentanol-co-1,4-butanediol diacrylate. 1,3-diaminopropane
and 1,3-diaminopentane were added separately to the acrylate-terminated
polymer to form B1 and B2 polymer respectively (Structures can be seen
in Figure 3.1).
In the case of B3-SS, an equal molar mixture of hexane-1,6-diyl diacry-
late and disulfanediylbis(ethane-2,1-diyl) diacrylate was used along with
the 4-amino-1-butanol to obtain the acrylate-terminated polymer. 2-
methylpentane-1,5-diamine was added to form B3-SS polymer. (Structure
can be seen in Figure 4.1)
Each resulting amino-terminated polymer was purified by precipitation in
100 mL of diethyl ether and dried under vacuum. The chemical structure
of the polymers was confirmed by 1H NMR. The average molecular weight
of the polymers, as confirmed by MALDI-TOF spectra, is 2 kDa in the case
of B1 and B2, while the chain length of the B3-SS is slightly longer with 3
kDa. B1 and B2 polymers were used in Chapter 3 and B3-SS was studied
in Chapter 4.

2.1.3 C18-PAMAM synthesis

The dendrimers used in Chapter 5 were kindly provided by Prof. Santoyo
(Organic Chemistry Department, University of Granada). Generation 2
PAMAM dendrimer (PAMAM-G2) was purchased from Aldrich. The in-
corporation of the C18 chain to PAMAM G2 was done by Alicia Megía
and the detailed synthesis procedure was previously published.5. Briefly,
the original bromide functionality of 1-bromooctadecane was replaced by
the vinyl sulfonyl group. The obtained vinyl sulfone derivative (0.15 mM,
tetrahydrofurane (THF) 15 mL) was added to a solution of PAMAM-G2
(0.3 mM, milliQ-water 15 mL). The mixture was magnetically stirred at
room temperature for 1 day. Then the solvent (THF) was evaporated under
reduced pressure and the water was freeze-dried. The product was used
directly and the correspoding structures can be seen in Figure 5.1. Com-
mercially available reagents and solvents were used as purchased without
further purification.
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2.1.4 Polyaminoamides synthesis

The i-shaped polyaminoamides (pAAs) used in Chapter 6 were kindly pro-
vided by Prof. Ernst Wagner (Department Pharmazie, Ludwig-Maximilians-
Universität, München, Germany) and they were synthesized by Claudia
Scholz.

The polymer synthesis is based on the formation of amide bonds using
unnatural or natural aminoacids as monomers. The first monomer is
covalently attached to resin beads in order to retain the polymer on the
solid-phase. The by-products and reagents are easily removed by filtration.
In the final step, the polymer is cleaved from the beads, obtaining a purified
and sequence-defined product.

In this case, a fmoc-Cys(trt)-Wang resin was used to support the whole
synthesis. Protecting fmoc groups were sequentially cleaved with piperidine
and the corresponding monomer was added and incubated until Kaiser test
indicates complete conversion. A double-protected lysine residue was used
to attach two fatty acids to the linear polyaminoamide. After thorough
washing, the resin was treated with a trifluoroacetic solution for cleavage.
The precipitate was collected by centrifugation and lyophilized. The detailed
synthesis is explained by Schaffert et al.6. The structure of the three
polymers used can be seen in Figure

2.1.5 Solutions, buffers and media

Formulation buffer solutions

HEPES 50 mM pH 7, 10 mL • 119.2 mg HEPES acid
• Adjust pH to 7 with NaOH
• H2O added to 10 mL
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HEPES 5 mM pH 7.4, 10 mL • 11.9 mg HEPES acid
• Adjust pH to 7.4 with NaOH
• H2O added to 10 mL

HEPES 20 mM pH 7.4, 10 mL • 47.7 mg HEPES acid
• Adjust pH to 7.4 with NaOH
• H2O added to 10 mL

Acetic acid stock 0.5 M, 25 mL • 0.72 mL acetic acid
• H2O added to 25 mL

Sodium acetate stock 0.5 M, 25 mL • 1.025 g sodium acetate
• H2O added to 25 mL

Acetate buffer 50 mM pH 5, 10 mL • 0.33 mL acetic acid stock so-
lution 0.5M

• 0.67 mL sodium acetate
stock solution 0.5M

• Check pH 5
• H2O added to 10 mL

Bacterial culture media

2xYT medium, 2 L • 62 g 2xYT powder
• Heat with frequent agitation
and boil if necessary

• Adjust pH to 7.4 with NaOH
• H2O added to 2 L; autoclave
• Add corresponding antibiotic
solution
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Ampicillin solution 2000X 100
mg/mL, 10 mL

• 1 g ampicillin sodium salt
• H2O added to 10 mL; steril-
ized by filtration
Note: Aliquots must be
stored in a freezer at -20 ℃

Kanamycin solution 2000X 100
mg/mL, 10 mL

• 1 g kanamycin sulfate
• H2O added to 10 mL; steril-
ized by filtration
Note: Aliquots must be
stored in a freezer at -20 ℃

2xYT agar, 250 mL • 7.75 g 2xYT powder
• H2O added to 250 mL
• 5 g agar; autoclave
• Place it into a water bath,
55℃

• Add corresponding antibiotic
solution

• Pour into Petri dishes

DNA concentration

Acetate buffer 3M pH 5.2, 10 mL • 2.46 g sodium acetate
• Adjust pH to 5.2 with glacial
acetic acid

• H2O added to 10 mL
Note: It takes a while to fully
dissolve

Solutions for electrophoresis
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TBE buffer 10X, 250 mL • 27 g Tris base
• 13.75 g boric acid
• 10 mL 0.5 M EDTA pH 8.0
• Adjust pH to 7.6
• H2O added to 250 mL

EDTA 0.5 M pH 8.0, 10 mL • 1.8612 g EDTA
• Adjust pH to 8.0
• H2O added to 10 mL
Note: It may be necessary
to raise the pH to dissolve
EDTA powder

Commercial gel loading buffer • 0.05 % bromophenol blue
• 40 % sucrose
• 0.1 M EDTA pH 8.0
• 0.5 % SDS

Homemade gel loading buffer • 40 % sucrose
• Formulation buffer or Milli-Q
water

GelRed 3X solution, 250 mL • 75 µL stock GelRed 10000x
in water

• H2O added to 250 mL

DNAse I solution 1000 units, 1 mL • 50 % glycerol
• 10 mM Tris-HCl, pH 7.5
• 10 mM CaCl2
• 10 mM MgCl2

DNAse I 10X reaction buffer, 1 mL • 200 mM Tris-HCl, pH 8.3
• 20 mM MgCl2

DNAse I stop solution, 1 mL • 50 mM EDTA
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HeLa cells culture

Dulbecco’s Phosphate buffered
saline (PBS), 50 mL

• Without MgCl2 and CaCl2
• 0.48 g PBS
• H2O added to 50 mL; auto-
clave

Homemade phosphate buffered
saline (PBS), 1 L

• Without MgCl2 and CaCl2
• 8 g NaCl (137 mM)
• 0.2 g KCl (2.7 mM)
• 1.44 g Na2HPO4 (10 mM)
• 0.24 g KH2PO4 (2 mM)
• Adjust pH to 7.4 with NaOH
or HCl

• H2O added to 1 L; filter ster-
ilized

Culture media, 150 mL • 133.5 mL Dulbecco’s Modi-
fied Eagle Medium (DMEM)

• 15 mL fetal bovine serum
(FBS)

• 1.5 mL non-essential
aminoacid solution (100X)

• Autoclave

Trypsin-EDTA solution 0.25 % 1L • 2.5 g porcine trypsin
• 0.2 g EDTA

MTT solution 5 mg/mL, 5 mL • 25 mg Thiazolyl blue for-
mazan powder

• 5 mL PBS
Note: Keep in darkness

Formazan solubilizing solution, 20
mL

• 10 mL DMSO
• 10 mL isopropanol
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2.2 Formation of the complexes

The ideal buffer solution would keep the physiological pH and the minimum
concentration of buffering compound. Some modifications were done for
each system, based on the solubility of the polymers and their buffering
capacity.

2.2.1 pβAE polyplexes formation

2.2.1.1 B1 and B2 polyplexes

DNA working solution, containing a plasmid concentration of 20 µg/mL,
was obtained by diluting it in HEPES 50 mM solution buffered at pH 7.
Polymer stock solutions were prepared in DMSO solvent at a concentration
of 100 mg/mL. Working dilutions of each polymer were prepared prior to
each use in HEPES buffer 50 mM, pH 7. The DNA solution was added to an
equal volume of the polymer solution (containing the desired concentration)
and immediately mixed by thorough pipetting. The complexes were allowed
to self-assemble at room temperature for 30 min. The ratio polymer/DNA
was expressed as weight ratio (w/w). pRevTre plasmid was used for all the
experiments, except for the transfection studies, where we used pEGFP due
to the need of a reporter gene, not present in the pRevTre.

2.2.1.2 B3-SS polyplexes

DNA working solution, containing a plasmid concentration of 20 µg/mL,
was obtained by diluting it in HEPES 50 mM solution buffered at pH 7
or acetate buffer 50 mM, pH 5. Polymer stock solution was prepared in
DMSO solvent at a concentration of 100 mg/mL. Working dilutions of the
polymer were prepared prior to each use in the corresponding buffer (pH 5
or pH 7). The DNA solution was added to an equal volume of the polymer
solution (containing the desired concentration) and immediately mixed by
thorough pipetting. The complexes were allowed to self-assemble at room
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temperature for 30 min. The ratio polymer/DNA was expressed as weight
ratio (w/w) and the plasmid used was pEGFP.

2.2.2 Dendriplexes formation

DNA working solution at 20 µg/mL was prepared in HEPES 5 mM pH 7.4.
Dendrimer stock solutions were prepared in a mixture of DMSO:water (1:2)
at a concentration of 20 mg/mL. Working dilutions of each dendrimer were
prepared prior to each use in HEPES buffer 5 mM at pH 7.4. The DNA
solution was added to an equal volume of the dendrimer solution (containing
the desired concentration) and immediately mixed by thorough pipetting.
The complexes were allowed to self-assemble at room temperature for 30
min. The ratio between DNA and dendrimer was expressed as Z=N/P
(the ratio between protonable nitrogen residues of the dendrimer and DNA
phosphate-groups), and the plasmid used was pEGFP.

2.2.3 pAA polyplexes formation

DNA working solution at 20 µg/mL was prepared in HEPES 20 mM
pH 7.4. Polymer stock solutions were prepared in HEPES 20 mM pH
7.4 at a concentration of 20 mg/mL. Working dilutions of each polymer
were prepared prior to each use in the same buffer solution. The DNA
was added to an equal volume of the polymer solution (containing the
desired concentration) and immediately mixed by thorough pipetting. The
complexes were allowed to self-assemble at room temperature for 30 min.
The ratio between DNA and polymer was expressed as Z=N/P (the ratio
between protonable nitrogen residues of the polymer and DNA phosphate-
groups) and the plasmid used was pEGFP.
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2.2.4 DNA retardation by EMSA

Formation of polyplexes was confirmed by gel retardation using the elec-
trophoretic mobility shift assay (EMSA). This is a common technique used
to characterize DNA complexes. EMSA is based on the observation that
complexes migrate through a gel more slowly than naked DNA. In its free
form, DNA slips through the holes in the lattice formed by agarose while
the complexes are retarded or even stopped.
The agarose gel was prepared by suspending 1%(w/v) powder agarose
in TBE buffer 1X. The solution is placed in an Erlenmeyer flask lightly
stoppered with a glass marble and microwaved until the solution becomes
clear and no crystals remain. It is recommended to stop and swirl every
10 seconds. Once the solution has cooled to 50-55 oC it is poured into
the corresponding casting tray containing the comb and allowed to cool
completely. Bubbles must be exploded with a pipette tip. The solidified gel
should be submerged in the running buffer TBE 1X to avoid drying.
DNA concentration must be kept above 80 ng per well in order to be
visualized correctly. In our case, 200 ng of DNA per well were used and
complexes were formed at corresponding ratios in a maximum volume of
10 µL. Since the gel is immersed in the buffer solution, the density of the
samples shall be increased so they sink into the well. Commercial loading
solutions contain bromophenol blue, which is a tracking dye that migrates
in the same direction as DNA at a rate corresponding to a small fragment
of 500 bp. However, its negative charge may interfere in the mobility of the
complexes, so a homemade loading buffer has been used instead, consisting
of sacarose 40%(w/v) in the same buffer used for condensation. 2 µL are
added to each sample before loading them into the wells. One of the wells
is loaded with DNA and the commercial loading solution with bromophenol
blue in order to use the dye line as an indicator of the running time. The
gel is run at 100 V, taking into account that the DNA will move toward
the positive electrode (red). Once the electrophoresis had finished, the gel
is stained in a 3X GelRedT M solution (Labnet biotécnica, Madrid) for 20
minutes and destained in water for another 10 minutes in order to clear the
background. The obtained bands are visualized on a UV illuminator and
photographed for posterior analysis.
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2.2.5 Hydrodynamic diameter by DLS

The average hydrodynamic diameter of the complexes was determined
by cumulant analysis of dynamic light scattering (DLS) using a Zetasizer
NanoZeta ZS device (Malvern Intruments Ltd, U.K.) working at 25oC with
a He-Ne laser beam (633 nm), and using a scattering angle of 173o. For
data analysis, the viscosity (0.8905 mPa/s) and refractive index (1.333) of
pure water at 25oCC were used. Results are given as mean values of three
runs of 60 s duration each. All measurements were carried out in duplicates
at 25oC.

The cumulants analysis of the device gives two values, a mean value for
the size, and the Polydispersity Index (PDI). The PDI is a parameter that
indicates the heterogeneity of the sizes of the sample. When obtained from
cumulant analysis, as in the case of the Malvern device, its ranges are
0-1, being 0 complete uniformity. The Z-average size can only be used to
compare results with samples measured in the same dispersant, by the same
technique, i.e. by Dynamic Light Scattering (DLS). In our case, we use
this value to compare between samples prepared under the same conditions
and same dispersant, but sometimes this size does not correspond to a
real diameter since the systems might be polydisperse. If the polydispersity
is over 0.5, a distribution analysis should be used to determine the peak
positions. Intensity distributions were obtained from the manufacturer’s
software. Error bars correspond to standard deviation.

2.2.6 Size distribution by NTA

The Nanoparticle Tracking Analysis (NTA) technique combines light scatter-
ing and Brownian motion to calculate the size of the particles in suspension.
By using a high-sensitivity CMOS camera (30 frames per second), mounted
on a conventional microscope, a video of the particles moving under Brown-
ian motion is recorded.

The NTA software identifies the centre of each particle and determines its
two-dimensional position frame by frame. The x and y coordinates along



2.2. Formation of the complexes 53

Figure 2.4: Schematic representation of the Nanosight set-up.

with the lag time (τ = 1
30s) between frames are used to calculate the

average distance moved by each particle in the x and y direction, i.e. the
mean squared displacement (MSD) of the particles.

MSD = 〈[rxy(t+ τ)− rxy(t)]2〉 (2.2)

being rxy the vector that defines the position of the particle.

The sphere-equivalent hydrodynamic diameter (dh) can be calculated
through the particle diffusion coefficient (D) using the Stokes-Einstein
equation (2.3). Since the Brownian motion occurs in three dimensions, but
the device takes into account only two, the MSD has been adjusted.

MSD

4t = D = TKb

3πνdh
(2.3)

where T is the temperature, Kb is the Boltzmann’s constant, t is the time
and ν is the viscosity of the solvent.

This results in a particle size distribution of high resolution, since the
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particles are measured one by one. The advantages and drawbacks of this
technique compared to usual DLS studies have been extensively contrasted
in a paper reported by Filipe et al7.

For NTA experiments, polyplexes were used at a final DNA concentration
of 0.05 µg/mL by diluting the polyplexes with the formulation buffer.
NTA measurements were performed with a NanoSight LM10-HS(GB)FT14
(NanoSight, Amesbury, UK), equipped with a sample chamber with a 404-
nm laser and a high-sensitivity CMOS camera. The samples were injected
in the sample chamber with sterile syringes (BD Discardit II, New Jersey,
USA). All samples were measured three times for 60 s with manual shutter,
gain, brightness, and threshold adjustments at 25oC. The video images of
the particles were captured and analysed by the NTA 2.3 image analysis
software (NanoSight, Salisbury, UK).

2.2.7 Electrophoretic mobility

Electrophoresis8 is the movement of charged colloidal particles or poly-
electrolytes, immersed in a liquid and under the influence of an external
electric field (E) that will determine their electrophoretic velocity (ve). If
the field is uniform, the relationship between both parameters will be linear,
and the coefficient of proportionality is known as electrophoretic mobility,
µe(m2s−1).

ve = µeE (2.4)

The electrophoretic mobility is related to the effective surface charge of the
particles, and it is expressed as possitive if the particles move to the negative
electrode and vice versa. µe was measured by the technique of laser Doppler
electrophoresis with a Zetasizer NanoZeta ZS (Malvern Instruments Ltd,
Worcestershire, UK) using folded capillary cells. All the measurements were
carried out in duplicates at 25oC.
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2.2.8 Electron microscopy

The morphology of some of the complexes was investigated by transmission
electron microscopy (TEM). Freshly prepared polyplexes at a DNA con-
centration of 8 µg/mL were deposited on Formvar/carbon coated copper
grids and allowed to settle for 5 minutes at room temperature. The com-
plexes were stained by the addition of 2% uranyl acetate solution and the
excessive liquid was soaked down. The grid was air-dried for 30 minutes at
room temperature and the images were collected at the Center of Scientific
Instruments of the University of Granada in a LIBRA 120 PLUS electron
microscope, Carl Zeiss SMT.

2.3 Stability of the complexes

2.3.1 Temporal stability

The durability of the complexes was evaluated by monitoring the evolution
of the hydrodynamic diameter with time. Typically, an increase in the
particle size is understood as aggregation. But since our particles are
interpolyelectrolyte complexes (IPEC), swelling due to disassembly shall
also be considered. We have used static light scattering, this is, the mean
scattered intensity, to elucidate whether the size increase corresponds to
aggregation or disassembly. The mean count rate expressed as kilocounts
per second (kcps) will increase if aggregation takes place. On the other
hand, when disassembly and swelling occur, the refractive index of the
particles decreases and becomes similar to that of the solvent, resulting in
a decrease of the mean count rate.

The SLS and DLS data were recorded simultaneously for each sample using
a Zetasizer NanoZeta ZS device (Malvern Intruments Ltd, UK) working
at 25oC with a He-Ne laser beam (633 nm) and using a scattering angle
of 173o. Complexes were prepared as previously described, being the final
DNA concentration 8 µg/mL.
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2.3.2 Colloidal stability: Effect of salinity

Colloidal stability against NaCl concentration was analysed by using a
Beckman DU 7400 spectrophotometer (Beckman, Fullerton, USA), setting
the wavelength at 380 nm. Equal volumes (0.3 mL) of salt (NaCl) and
particle solutions were mixed into the scattering cell, and the absorbance
was recorded for 120 s in each experiment. If particles aggregate, the
turbidity of the sample increases in a linear way during the first seconds.
The initial slopes of the absorbance versus time curves (dAbs/dt) serve
to determine the stability ratio “W”, also called Fuchs factor, which is a
parameter broadly used in colloidal stability studies. It can be experimentally
derived from equation 2.5

W = (dAbs/dt)f
(dAbs/dt)s (2.5)

in which (dAbs/dt)f corresponds to the fastest coagulation regime, and
(dAbs/dt)s is the slope for slower coagulation kinetics. The stability factor
is a measurement of the average number of collisions that must suffer two
colliding particles before they are kept definitively stuck. In this sense, if
W =1 the system is totally unstable, while W = ∞ means total stability.
Detailed information about experimental calculation of “W” can be found
in bibliography9,10. The analysis of the stability factor of colloidal systems
versus salinity may be useful to determine the overall hydrophobic/philic
character of the particle surface. In addition, it serves to get information
about the electrical state of the surface. For hydrophobic charged surfaces,
the well-known DLVO theory predicts a progressive loss of stability upon
salt addition. Once the aggregation process reaches their maximum kinetics
–at that salt concentration known as CCC (critical coagulation concen-
tration)– the system remains unstable even for higher salt concentrations
added. However, for partially hydrophilic charged surfaces, a restabilization
mechanism may appear at moderate or high salinity conditions. This sta-
bilization process comes from the action of the so-called hydration forces,
which are structural short-range repulsive forces that arise from the over-
lapping of the structural water and the hydrated-ion layers that surround
the hydrophilic particles. Detailed information can be consulted in specific
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references11–13.

To sum up, if a particle is hydrophilic, a repulsive potential barrier ap-
pears when two particles approach each other to collapse in a high salt
concentration medium. This barrier slows down the aggregation process,
eventually being completely avoided. It is known as critical stabilization
concentration (CSC) the minimum salt concentration necessary to make
this repulsive barrier appear. Generally, the CCC value gives information
about the effective surface charge of the particle (complementing the zeta-
potential data), while the CSC informs about the hydrophilic character
of the surface. The higher the CCC data, the higher the surface charge.
However, the higher the CSC, the lower the hydrophilicity of the particles.
That is, a hydrophilic surface needs a lower salt concentration to create a
protective structural shell of water and ions around it to prevent the contact
with another similar surface. In this sense, the CSC values become a good
criterion to quantitatively classify colloidal particles with regard to their
hydrophobic/philic character.

2.3.3 DNAse I digestion

Deoxyribonucleases (DNAses) are the enzymes that hydrolyze the phospho-
diester bonds within the DNA backbone. If the enzyme removes nucleotides
exclusively at the end of the chain, it is called exonuclease. Conversely, en-
donucleases cleave the nucleic acid chains in the interior. Deoxyribonuclease
I (DNAse I) is a non-specific (without regard to sequence) endonuclease
capable of hydrolyze single and double stranded DNA, and it is widely used
in Molecular Biology.

When polyplexes are exposed to nucleases, the enzyme can only cleave the
DNA portions that are accessible from the outward. Therefore, DNAse
I digestion may unveil details on DNA location and accessibility in the
complex. Polyplexes were exposed to DNAse I under standard conditions
with recommended buffers (20 mM Tris-HCl, pH 8.3, 2 mM MgCl2). After
polyplex formation, they were incubated with 5 IU of DNase per µg of
DNA for periods of time from 1 minute to 75 minutes. Naked DNA was
completely degraded in approximately 1 minute when incubated with the
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same amount of DNAse I. The enzymatic reaction was terminated by the
addition of 1 µL of Stop Solution (50 mM EDTA). The DNA was then
separated from the polymers by incubating with SDS 1% and heparin
overnight. Without further purification, samples were electrophoresed on a
1% (w/v) agarose gel at 100 V for 40 minutes. After GelRed staining, the
gel was photographed under UV.

2.3.4 Stability upon dilution

Dilution might be a stress mechanism14 usually suffered by self-assembled
systems, but not always considered. Information regarding the complex
stability after dilution would be useful for physicochemical studies of the
polyplexes as well as for biological purposes, since they have to be diluted
into a complex medium. In order to evaluate the effect of dilution on our
polyplexes, changes in size were monitored after a dilution of 1:200 from
the original formulation. NTA was chosen as a suitable technique for our
purpose due to the possibility of analyzing different size populations of
highly diluted systems.

2.3.5 Stability under reducing conditions

The polymer B3-SS contains disulfide bonds, which are reversible under
reducing conditions. The destabilization of the polymer is expected to trigger
the disassembly of the complex and, consequently, DNA should be released.
Polyplexes formed with B3-SS as previously described were exposed to the
reducing agent β-mercaptoethanol (β-ME). 1 µL of β-ME were added to
10 µL of the complexes and incubated at 37oC for 2 hours. Each sample
was mixed with 2 µL of homemade loading buffer and electrophoresed on a
1% (w/v) agarose gel at 100 V for 40 minutes. After GelRed staining, the
gel was photographed under UV and the results were compared to untreated
complexes.
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2.4 In vitro activity of the complexes

2.4.1 Interaction with a cell membrane model

Lipid membrane models can be used to elucidate the interaction of nanocar-
riers with the phospholipids of biological membranes. These studies might
help to design and develop more efficient delivery systems15.

Phospholipid monolayers can be formed at the air/water interface and they
are generally stable and well-defined. The interaction with colloidal delivery
systems has been investigated by means of (a) adsorption kinetics of the
materials onto the interface, (b) surface dilatational rheology studies, and
(c) adsorption isotherms.

2.4.1.1 Adsorption kinetics

We determined the interfacial tension as a function of time for different
systems in order to study their kinetics of adsorption onto a dipalmitoylphop-
shpatidyl choline (DPPC) monolayer.
The surface characterization of the mixed system has been made in the
OCTOPUS. This is a Pendant Drop Surface Film Balance equipped with a
subphase multi-exchange device fully designed and assembled at the Uni-
versity of Granada (patent submitted P201001588) and described in detail
in the bibliography16. The detection and calculation of surface area and
surface tension is done with the DINATEN software, based on Axisymmetric
Drop Shape Analysis (ADSA)17.

An HEPES solution droplet is formed first at the tip of the double coaxial
capillary. By deposition with a microsyringe a fixed amount of DPPC
dissolved in chloroform is spread onto the drop surface to provide a surface
pressure of 20 mN/m. After evaporation of the solvent and equilibration of
the surface pressure, the buffer subphase is exchanged by simultaneously
injecting the new solution and extracting the bulk subphase18,19. After
complete exchange of the subphase we monitor the surface pressure at
constant surface area for 20 minutes.
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The surface tension of the clean surface was measured before every ex-
periment, in order to confirm the absence of surface-active contaminants,
yielding values of 72.5± 0.5 mN/m at 20oC.

2.4.1.2 Surface dilatational rheology

Dilatational rheology quantifies the viscoelastic response of the interfacial
layer to a dilatational deformation. With the pendant drop technique,
changes in the interfacial area are induced by injecting and extracting liquid
at a controlled rate, and the interfacial tension is simultaneously calculated
by DINATEN. This gives information about the structure, intermolecular
interactions and molecular rearrangement during deformation processes.

The interfacial elasticity (E’) quantifies the stiffness of an interface when
subjected to a dilatational compression and expansion. Accordingly, it was
defined by Gibbs as the relationship between the change in the interfacial
tension (dγ) and the change in the interfacial area (d lnA):

E′ = dγ

d lnA = dγ

(dA/A) (2.6)

On the other hand, interfacial viscosity (η) characterizes the resistance of
the interfacial tension to change upon gradual deformation of the interfacial
area. Consequently, it is time-dependent and it can be expressed as:

η = dγ

(d lnA/dt) (2.7)

Typically, materials exhibit both, elastic and viscous behavior. The change
in the interfacial tension is expressed as the sum of both contributions. By
using 2.6 and 2.7:

dγ = E′(dA/A) + η
(dA/A)
dt

(2.8)

The interfacial material functions can be developed20, finally obtaining:

E′ = γa

(Aa/A)cos(δ) (2.9)
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η = γa

(Aa/A)sin(δ) ·ω−1 (2.10)

where Aa is the area amplitude, δ is the phase angle, γa is the tension
amplitude and ω is the angular frequency.

Both parameters, E’ and η were calculated with the image analysis program
CONTACTO. Once the subphase exchange with the corresponding solution
was completed, the drop was subjected to dilatational deformation by impos-
ing cycles of 10 oscillations at different frequencies. The reproducibility of
the experiments was tested by performing at least three replicate measure-
ments. The surface tension of the clean surface was measured before every
experiment, in order to confirm the absence of surface-active contaminants,
yielding values of 72.5± 0.5 mN/m at 20oC.

2.4.2 Transfection studies

With the aim of testing the capability of the complexes to efficiently deliver
the plasmid DNA into the nucleus, in vitro assays were performed. The
pEGFP plasmid was used in all cases in order to evaluate the expression of
the reporter Green Fluorescent Protein (GFP).

2.4.2.1 Cell culture

Human cervix carcinoma HeLa cell line was purchased from the Cell Bank
of the Center of Scientific Instruments of the University of Granada. The
cultured cells were grown in DMEM (Sigma-Aldrich, Milwaukee, USA)
supplemented with 1% non-essential amino acids and 10% fetal bovine
serum (FBS), at 37oC and 5% CO2.

For cell passaging, culture medium is removed and the adherent cells were
washed twice with sterile PBS without calcium and magnesium. 2 mL of
trypsin-EDTA solution was added and incubated for 5 minutes at 37oC.
In order to stop the reaction, 8 mL of DMEM were added and cells were
sedimented by centrifugation at 1000g for 5 minutes. Pellet was resuspended
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in 10 mL of culture medium and cells were counted using a Neubauer counter
chamber according to the established procedure.

2.4.2.2 Transfection procedure

HeLa cells were seeded into 24-well plates at a density of 100 000 cells/well.
After 24 h, culture medium was replaced with 400 µL fresh serum-free
DMEM. DNA complexes (polyplexes or dendriplexes) at the desired poly-
mer/DNA ratios in 100 µL of corresponding buffer containing 0,5 µg pDNA
were added to each well and incubated at 37oC for 40 minutes. The trans-
fection medium was replaced with supplemented DMEM (10% FBS, 1%
non-essential aminoacids) and cells were incubated for further 24 hours.
Subsequently, cells were washed twice with 500 µL PBS, detached with
trypsin/EDTA solution and taken up in PBS. GFP expression was evaluated
at the Center of Scientific Instruments of the University of Granada by flow
cytometry(BECTON DICKINSON FACSCanto II). Cells transfected with
polyethyleneimine (PEI) at a N/P ratio of 6 were used as positive control.

2.4.2.3 MTT toxicity assay

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide)
colorimetric assay is based on the conversion of MTT into formazan crystals
by living cells, which determines mitochondrial activity. For the majority of
cell lines the total mitochondrial activity is related to the number of viable
cells, and consequently this assay is widely used to evaluate the in vitro
cytotoxic effects of substances on cells.21

NAD(P)H-dependent cellular oxidoreductase enzymes reduce the yellow
MTT to insoluble formazan, which has a purple color. Solvation of formazan
crystals produces a colored solution that can be quantified by measuring
absorbance at 570 nm.

HeLa cells were seeded into 96-well plates at a density of 10 000 cells/well.
After 24 h, culture medium was replaced with 80 µL fresh DMEM. pDNA
complexes at desired ratios in corresponding buffer containing 100 ng pDNA
were added to each well and incubated at 37oC for 40 minutes. The
transfection medium was replaced with supplemented DMEM (10% FBS,
1% non-essential aminoacids) and cells were cultured for further 24 h.
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Culture media was replaced with 100 µL of fresh media and then 50 µL of
MTT reagent (5 mg/mL in PBS) was added to each well. Following a 4
hour incubation at 37oC, medium was replaced with 100 µL/well of solvent
(50% DMSO, 50% isopropanol).
Absorbance at 570 nm was read at the Center of Scientific Instruments
of the University of Granada in a Nanoquant Infinite M200 Pro (Tecan)
analyzer. Untreated cells were used as positive control (100% viable).
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PβAE/DNA complexes:

Influence of alkyl chains
In this third chapter, the role of short hydrophobic chains in the properties
of poly(β-aminoester)/DNA complexes is analyzed.
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3.1 Background and motivation

Poly(β-amino ester)s?, 1–3(pβAEs) are a class of degradable cationic poly-
mers containing tertiary amines in their backbones. The synthesis is based
on the conjugate addition of bis(secondary amine) monomers to diacrylate
esters1. These polymers degrade spontaneously into nontoxic small molecule
byproducts due to the hydrolysis of the ester bonds. P(β)AEs have the abil-
ity to assemble plasmid DNA into nanometer-scale polymer/DNA complexes.
The interaction between both positively and negatively charged polymers
have been described extensively in literature, being mainly electrostatic, and
it is influenced by several parameters such as pH, added salt and its nature,
molecular weight and charge density4–7.

On the other hand, hydrophobic interactions are rarely considered in the
formation and behavior of the so-called polyplexes. Many hydrophobic
modifications have been reported due to the improvement of internaliza-
tion of the complexes when long hydrophobic chains interact with the
cell membrane8,9 and some systematic physicochemical studies have been
reported10,11. However, fewer papers are focused on the influence of short
hydrophobic moieties ˘ which do not improve transfection efficiency by
themselves ˘ on the formation and final properties of the polyplexes. We
have selected two different p(β)AEs, referred to as B1 and B2, that differ
in the presence (or absence) of a short hydrophobic ethyl group in both
ends. Their structures can be seen in Figure 3.1.
The aim of this chapter is to determine the influence of those small hy-
drophobic moieties on the compaction of the plasmid DNA pRevTre-gef and
the subsequent effect on the colloidal properties of the complexes and their
transfection ability. B1 and B2 polymers have an average molecular weight
of 2kDa and an approximate number of (primary, secondary and tertiary)
amino groups per molecule of 10, which are values low enough to evaluate
possible hydrophobic contributions that would be masked if electrostatic
interactions were stronger.
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Figure 3.1: Chemical structures of poly(β-amino ester)s B1 (a) and B2 (b).
The ester bounds are circled in blue, the protonable groups in dashed black
and the ethyl groups are highlighted in orange.

3.2 Results and discussion

3.2.1 DNA condensation

DNA condensation by polycations is usually studied as a function of the
relative proportion between the charges of both polymers the so-called N/P
ratio. Unfortunately, we do not know the exact number of amino groups in
our polymers and we decided to use a weight ratio (w/w) instead. Several
authors encountered the same issue when working with poly(β-amino ester)s
and the w/w ratio was also used12.

In a first step, we evaluated if the alkyl chains present in the B2 polymer but
not in B1 have an influence on the DNA condensation process. B1 and B2
poly(β-amino ester)s were mixed at different weight ratios (polymer/DNA)
with a semidilute13 solution of plasmid DNA. Solutions were always prepared
in HEPES buffer 50 mM pH 7 maintaining pH and ionic strength constant
due to their influence on the final properties of the system14.

Once the incubation took place, an electrophoretic mobility shift assay
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(EMSA) was carried out, as shown in Figure 3.2. When DNA is associated
with the polymer, its mobility is reduced and eventually it is retained in
the well. Comparing Figures 3.2a and 3.2b, a first difference between
the two polymers is found. A weight ratio of 10 is enough to completely
retain all DNA with B1, while the minimum concentration of B2 required is
ten-fold higher. EMSA studies evaluate the presence of free DNA in the
sample, but nothing can be said about the complexes formed (if any). This
is why the average diameter and electrophoretic mobility of the samples
were measured with a Malvern Nanosizer ZS at different weight ratios and
the results are shown in Figures 3.3a and 3.3b. In Figure 3.3a we cannot

Figure 3.2: Electrophoresis mobility shift assay of polyplexes B1/DNA (a) and
B2/DNA (b) at different weight ratios. Lane 1, naked DNA; lanes 2-9, weight
ratios 0.5, 1, 5, 10, 25, 50, 100 and 150.

find significant differences on the size of the polyplexes formed with B1
and B2. An unstable solution mixture appears when low concentration of
polymer is used. Further addition of B1 or B2 leads to size reduction of
the complexes. The hydrodynamic diameter is finite and equals to 100 nm
above polymer/DNA ratios of 50 for both polymers, which is a size suitable
for efficient cellular uptake15.

On the contrary, in Figure 3.3b fundamental differences are found. From
0 to 25 w/w, B1 polyplexes have electrophoretic mobility values slightly
higher than those of B2. When charge inversion occurs, aggregates are
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found with both polymers as expected. However, B2 polyplexes formed at
w/w of 50 or higher present increased electrophoretic mobility compared to
B1 polyplexes in contrast to what happened before the intersection point.
It can be deduced that the binding affinity of the B2 polymer to DNA is
somehow enhanced above a critical point, close to 50 w/w.

If we analyze the EMSA study for B2, free DNA is seen at some of the w/w
ratios over the critical point, being 150 the first w/w ratio at which DNA
is completely retained. The intersection point found in the electrophoretic
mobilities along with the EMSA studies suggest a cooperative binding of B2
polycations, which preferentially bind to preformed DNA polyplexes rather
than to free DNA chains. Consequently, there would be a range of B2
weight ratios (approximately 25-100) where coexistence of free DNA chains
and compacted particles are found. The presence of such a cooperative
effect on the condensation of DNA has been described in many systems16,17.
Since this phenomenon was not observed with the B1 polymer, which retains
all DNA above w/w 10, the explanation must be related to the difference
in their molecular structures, i.e. the alkyl chains.

The inclusion of the ethyl groups increases the hydrophobicity of the polymer
B2. Hence, an attractive polymer-polymer hydrophobic interaction should
be considered. This force would gain in importance over a critical point10
and it would favor attachment of B2 to existing polyplexes giving rise to
particles with a higher surface charge, as experimentally corroborated by
electrophoretic mobility data (see Fig. 3.3b). Accordingly, if we consider the
weight ratios between 25 and 100, we will find a mixture of fully condensed
particles strongly charged and uncomplexed DNA with B2 in contrast to a
homogeneous population of condensed particles with a lower surface charge
with B1.

3.2.2 Temporal stability

From our studies on DNA compaction it was clear that the process was
different for both polymers, but when the weight ratio was high enough, the
size of the formed particles was similar. Thus, it is of interest to analyze if
there exist differences in their temporal stability, since an optimal balance of
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Figure 3.3: (a) Average hydrodynamic diameter and (b) average elec-
trophoretic mobility, at various weight ratios of B1 (#) and B2 ( ) polyplexes.

durability and release of DNA should be achieved.18. The temporal stability
of the polyplexes in the same medium used for compaction –HEPES buffer
50 mM pH 7– is shown in Figure 3.4. Three different types of complexes
were prepared for these studies using 50, 100 and 150 w/w polymer/DNA
ratios for both polymers. It should be noted, though, that 50 w/w polyplexes
became unstable in such a short time that further analysis was pointless.
The presented results are, therefore, referred to the 100 and 150 w/w cases.
Along this chapter we will name these complexes as B1-100, B2-100, B1-150
and B2-150.

According to the size data (Fig. 3.4a) the particle size increases in few hours
reaching an extremely high mean diameter. The increase in size given by
DLS measurements may be caused by two different phenomena: aggregation
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Figure 3.4: Temporal evolution of hydrodynamic diameter (a) and light
scattering intensity (b) of polyplexes B1-100 (#), B2-100 ( ), B1-150 (M)
and B2-150 (N) by DLS.

or swelling of the complexes. We have used static light scattering to solve
which of these two situations occurs. Figure 3.4b gives information about
the intensity of the light scattered by the colloidal suspension. Aggregation
will be distinguishable as an increase in the scattered light. On the contrary,
if particles swell, the scattered light will diminish with time, as the refractive
index of the polyplexes would tend to be similar to that of the solvent during
the swelling process.

Both processes will be triggered by polymer hydrolysis. As observed by
Kim et al.19, once the polyplex is formed, the initial degradation occurs
at the surface, leaving the inner polymer protected from cleavage, which
prolongs the degradation rate. A hydrophilic environment would facilitate
water penetration into the system, accelerating the polymer degradation
while the presence of hydrophobic moieties may slow down the hydrolysis
rate20.
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In the w/w 100 case, the lower amount of polymer used presents faster
degradation kinetics. On the one hand, B1 due to its higher hydrophilicity
allows the access of water into the complex, leading to a swelling mechanism.
The polymer is equally exposed in the inner and the outer part of the polyplex
and the degradation rate becomes homogeneous, leading to disassembly
instead of aggregation. This is confirmed in Figure 3.4b, where the B1-100
complexes show an almost constant light scattering intensity during the
first 5 hours, and then such intensity decreases slowly.

On the other hand B2, due to its hydrophobic units, can only be degraded
on the polyplex surface, as water access into the particle is hindered. The
hydrolysis of the outer poly(β-amino ester) layer would release polymer
fragments to the aqueous phase. This loss of positive charges21 reduces the
charge density of the particles, which would tend to aggregate according to
the DLVO theory. The light intensity scattered by the B2-100 complexes
(Fig. 3.4b) increases significantly during the first hour, indicating aggre-
gation. The sudden drop found after the maximum would be caused by
a precipitation process in which large “scattering” aggregates disappear
from the bulk as sediments, remaining smaller aggregates and/or individual
original particles.

The stability found with higher polymer concentrations (150 w/w, Fig.
3.4) means that neither aggregation nor disassembly due to ester-bond
hydrolysis occurs during (at least) the first 10 hours. It seems that for both
B1 and B2 cases, a high polymer load is translated into a better crosslinking
between chains, generating polyplexes in which the condensing polymer
is protected more effectively against degradation. Moreover, in the case
of B2-150 the size of the polyplexes remains constant during almost 24
hours, suggesting a protective shell made of B2 molecules stabilized by
polymer/polymer hydrophobic forces. It is then clear that despite having
similar initial size, the structure and temporal stability of the systems are
completely different.
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3.2.3 DNA accessibility

Temporal stability has shown different behavior of the polyplexes depending
on the polymer type and the weight ratio. It is of interest to elucidate
the disposition of DNA within the complex during the studied dynamic
processes. When polyplexes are exposed to nucleases, the enzyme only acts
on the DNA segments that protrude outwards from the particle, leaving
unaltered the DNA chains in the interior of the complex. Consequently,
DNAse digestion may provide a lead on the accessibility and location of
DNA. Polyplexes were incubated with DNAse I for periods of time from

Figure 3.5: Gel electrophoresis assay for the protection ability against DNase
I digestion. Polyplexes of B1 and B2 at a weight ratio of 100 (a) or 150 (b).
Lane 1, naked DNA in absence of DNase I; time of incubation with DNAse in
minutes is indicated above each lane.

1 to 75 minutes and analysed by agarose gel electrophoresis, as shown
in Figure 3.5. It should be noted that DNAse digestion is carried out at
37ºC, which might accelerate the dynamic processes observed at room
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temperature. DNA smearing can be seen after 30 minutes in the case of
B1-100 (Fig. 3.5a) or 75 minutes for B1-150 (Fig. 3.5b), indicating partial
DNA degradation. We have seen that B1 polyplexes progressively swell due
to hydrolysis of the polymer. DNA becomes accessible during that process,
since it is degraded by the nucleases after 30-75 minutes (depending on the
w/w ratio) but not before.

In contrast, for B2 polyplexes, as observed in Figure 3.5, little-to-no evidence
of DNA degradation is found. In the case of B2-100, aggregation takes
place during the experiment and DNase cannot access to DNA inside those
aggregates, remaining intact. However, in the case of B2-150, the polymer
would form a protective shell with the DNA located in the inner part of the
particle structure. This phenomenon is in accordance with the temporal
stability found for B2-150.

3.2.4 Colloidal stability versus salinity

The analysis of the colloidal stability of the polyplexes versus salinity is
useful to determine the overall hydrophobic/philic nature of the particle
surface, which would be helpful to confirm the protective polymer-polymer
shell proposed for B2. Figure 3.6 shows the stability factor “W” of the
polyplexes as a function of NaCl concentration. Polyplexes with a weight
ratio of 100 were not used in this colloidal stability studies by salinity due
to its lower temporal stability. The corresponding CCC (critical coagula-
tion concentration) and CSC (critical stabilization concentration) can be
calculated from the graph. The CCC values (450 mM for B1 and 470 mM
for B2) correlate properly with the electrophoretic mobility data shown in
Figure 3.3b, since the value given by the B1 polymer is lower than that
of B2. That is, the surface charge density of the B2 polyplexes is higher
than that of the B1 ones, due to the higher concentration of B2-polymer
molecules on the particle. Besides, the CCC values of both systems are
far above the physiological salt concentration, that is, both of them would
be potentially useful in cell culture media or in vivo experiments from a
colloidal point of view.

The CSC values (455 mM for B1 and 520mM for B2) also confirm the dif-
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Figure 3.6: Stability factor (W) as a function of NaCl concentrations of
polyplexes B1-150 (M) and B2-150 (N).

ferent hydrophobic/philic nature of the B1 and B2 polymers. B1 polyplexes
show a lower CSC value as well as slower aggregation kinetics (higher W
values) than those of B2, indicating the presence of a hydration barrier
around them that somehow obstructs the particle aggregation. Note that a
restabilization mechanism by hydration forces appears in the B1 complexes
before the classical DLVO barrier disappears by further salt addition. This
gives aggregation kinetics extremely low even at its corresponding CCC (that
occurs at 450 mM of NaCl). The higher CSC value for the B2 polyplexes
as well as the lack of such a hydration barrier at 500 mM of NaCl confirms
that the overall surface of these particles is much more hydrophobic than
that of the B1 complexes. This fact is completely plausible considering the
chemical structures of both polymers (Fig. 3.1).

3.2.5 Stability upon dilution

Dilution22–24 might be a stress mechanism usually suffered by self-assembled
systems, but not always considered. Information regarding the polyplex
stability after dilution would be useful for physicochemical studies as well
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as for biological purposes, since they have to be diluted into a complex
medium. Dilution might trigger a change in the entropy of the sample. In
order to find a new state of minimum free energy, some polymer would be
desorbed. This is only possible if the number of charges per molecule of
polymer is low, thus the electrostatic attraction to DNA is not high enough
to prevent desorption.

In order to evaluate the effect of dilution on our polyplexes, changes in size
were monitored after a dilution of 1:200 from the original formulation with
and without excess of free polymer. NTA was chosen as a suitable technique
for our purpose due to the possibility of analyzing different size populations
of highly diluted systems. In Figures 3.7a and 3.7c we observe that dilution

Figure 3.7: Temporal evolution of the size distribution of polyplexes after
dilution 1:200 in HEPES 50 mM, pH 7. B1-150 diluted in formulation buffer
(a), B1 150 diluted in formulation buffer with an excess of free B1 (b), B2-150
diluted in formulation buffer (c), and B2-150 diluted in formulation buffer with
an excess of free B2 (d).
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in formulation buffer leads to a fast aggregation process. The particles
aggregate in barely 10 minutes, appearing as a broad distribution of different
populations in size with an augmented polydispersity index. Due to the
polymer desorption caused by dilution, the surface charge density diminishes,
and consequently, aggregation takes place. The remaining polymer is still
able to maintain the DNA condensed, as individual particles are found in
the sample. Otherwise, polyplexes would be disassembled and we could not
detect any particle in solution.

According to phase transition equilibrium, if the bulk was previously saturated
with free polymer, desorption from the polyplexes should be avoided. Figures
3.7b and 3.7d show the stability of the complexes upon dilution after
some excess of the corresponding polymer is added to the buffer solution.
Aggregation is avoided confirming that our systems are firmly subjected to
an adsorption/desorption equilibrium.

3.2.6 Transfection efficiency and toxicity

To examine the ability of our polyplexes to efficiently deliver plasmid DNA
into cells, polyplexes were prepared with pEGFP-C1 plasmid, which encodes
the Green Fluorescent Protein (GFP). The percentages of transfected HeLa
cells and their relative viability are shown in Figure 3.8. It is concerning
the high toxicity induced by the polyplexes, achieving values of 60% at the
highest weight ratio independently of the polymer used. The poly(β-amino
ester)s are rapidly degraded in aqueous solution and consequently they
were expected to have no adverse effects when used to deliver DNA. The
toxicity is probably induced by the free polymer present in all polyplex
formulation, and not by the polyplexes themselves, as explained by Yue et
al.25. Therefore, purification of the polyplexes would be advised in order to
increase cell survival.

According to Figure 3.8, the number of cells positive for GFP increase with
the weight ratio for both polymers as expected. However, it is noticeable
that at w/w 25 and w/w 50, B2 polyplexes are significantly more efficient
than the B1 counterparts. There exists a cooperative effect in B2 binding,
but not for B1 as previously explained. When we use low quantities of
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Figure 3.8: Transfection efficiency (bars) and relative viability (circles). HeLa
cells were transfected with B1 or B2 polyplexes at the indicated weight ratios.
HEPES buffer was used as negative control and PEI polyplexes at N/P = 6
were considered positive control (light gray bars and symbols). B1 (patterned
bars, #) , B2 (gray bars,  ).

polymer to condense DNA we obtain (a) B2 polymer: a mixture of fully
condensed particles strongly charged and uncomplexed DNA and (b) B1
polymer: a homogeneous population of condensed particles with a lower
surface charge.

Therefore, at low w/w ratios,the compact particles formed with B2 cor-
respond to a higher effective weight ratio as a result of the cooperative
binding of the polymer. Consequently their transfection efficiency is better
than that of B1 particles, which contain fewer polymer chains per particle.
On the other hand, at high weight ratios, all DNA is condensed in both
systems and we did not find significant differences on their transfection
ability. This means that the short alkyl chains do not seem to interact with
cell membranes, as expected from their length.

Some conclusions about the use of this polymers can be drawn from
evaluating together the transfection efficiency, toxicity and temporal stability.
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If the desired transfection experiment requires long periods of time, high
weight ratios need to be used, as they show the higher temporal stability (Fig.
3.4). In this case, both polymers present similar transfection efficiency and
toxicity, but B2-150 would be chosen for being the most stable formulation.
On the other hand, if the transfection experiment is carried out in short
times, the temporal stability is not an issue. Therefore, low weight ratios
shall be selected based on the toxicity values. Seeing the transfection studies,
B2 would be chosen again due to its efficiency.

3.3 Conclusions

Two degradable linear poly(β-amino ester)s that differ slightly in their back-
bone structure have been used to form polyplexes with plasmid DNA. The
terminal ethyl groups in the B2 molecules provided hydrophobic fragments
that are responsible for a cooperative binding of free polymer to pre-formed
B2-DNA polyplexes. This extra accumulation of B2 polymer gave rise to
particles with a higher surface charge but also more hydrophobic than those
of B1, as corroborated by the CSC values and aggregation kinetics.

The hydrolysis of these polymers is responsible for both processes of aggrega-
tion and disassembly of the polyplexes. Among all the formulations tested in
this work, B2-150 polyplexes were the most stable in solution, maintaining a
size of 100 nm up to 24 hours. Moreover, the hydrophobic polymer-polymer
interactions exhibited exclusively by B2 form a protective shell around the
polyplexes providing extended protection of the cargo against enzymatic
digestion.

As a result of the low number of charges per molecule of our polymers, there
is equilibrium between the polymer in the complex and that dissolved in the
bulk that can be easily displaced by dilution causing polymer desorption.
That partial desorption of the polymer makes the surface charge density of
the particle diminish, and consequently, aggregation takes place.

The short hydrophobic moieties do not improve the efficiency of transfection
by themselves as expected. However, they have a significant effect on the
condensation process and the subsequent properties of the formed systems.
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Consequently, B2 polyplexes would be chosen for transfection experiments
requiring short and long time periods.
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PβAE/DNA complexes:
Influence of disulfide

bonds and pH
In this forth chapter the influence of reducible disulfide bonds and condensa-
tion pH on the properties and biological activity of poly(β-aminoester)/DNA
complexes is evaluated.

Contents
4.1 Background and motivation . . . . . . . . . . . . 86
4.2 Results and discussion . . . . . . . . . . . . . . . 88

4.2.1 DNA condensation . . . . . . . . . . . . . . . . . 88
4.2.2 Induction of DNA release under reducing conditions 89
4.2.3 Temporal stability . . . . . . . . . . . . . . . . . 91
4.2.4 Colloidal stability versus salinity . . . . . . . . . 93
4.2.5 Transfection efficiency and toxicity . . . . . . . . 93

4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . 96
4.4 Bibliography . . . . . . . . . . . . . . . . . . . . . 97



86 4. PβAE/DNA complexes: Influence of disulfide bonds and pH

4.1 Background and motivation

In the previous chapter we introduced poly(β-amino ester)s, in which the
cleavage of the ester bonds is non-specific and kinetically controlled. In this
forth chapter some bioreducible disulfide bonds have been introduced into a
poly(β-amino ester) referred to as B3, obtaining the polymer B3-SS (Figure
4.1). These bonds are cleaved rapidly in the subcellular space by glutathione
and thioredoxin reductases.Therefore, the purpose of this modification is to
gain a better control on the release of the DNA, promoted by the reduction-
responsive cleavage in the cytoplasm. There are numerous studies in which

Figure 4.1: Chemical structures of poly(β-amino esters) B3-SS (a) and B3
(b). The ester bounds are circled in blue, the protonable groups in dashed
black and the disulfide bond is highlighted in red.

different types of reducible materials have shown transfection activities
comparable to or even better than commercially available formulations1–4
but fewer papers are, to our knowledge, dedicated to a dual rupture strategy
based on both reducible and hydrolyzable groups5–7.

In line with our previous work, a physiological pH value was initially chosen
to form the polyplexes. Unfortunately, a first handicap arose as soon as
the B3-SS was dissolved in pH 7, since its intrinsic solubility in neutral
aqueous media was extremely low. Aggregates of defined size around 150 nm
appeared spontaneously regardless if the DNA plasmid was previously added
or not during the synthesis procedure, as shown in Figure 4.2. Several studies
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on poly(β-amino ester)s have encountered this issue before and polyplexes
are routinely formulated in acetate buffer at pH 5 making the amino groups
in the polymer molecules be more charged8–10. In our case, the pH change
was immediately translated into an almost complete solubilization of the
polycation (see Fig. 4.2).
This fact led us to question the influence of the condensation pH on the

Figure 4.2: Size distribution by NTA of B3-SS at pH 7 (magenta line),
complexes of DNA/B3-SS at pH 7 , w/w=50 (blue line), B3-SS at pH 5
(orange line) and complexes of DNA/B3-SS at pH 5, w/w=50 (black line).

final transfection activity of the complexes, taking into account that the
final pH will always be almost neutral for biological purposes.

The objectives of this chapter are consequently redefined as follows: (a)
to determine if the transfection efficiency could be improved by adding
disulfide bonds to the polymer backbone, and (b) to evaluate the influence
of formulation pH, i.e. 5 or 7, on the colloidal properties and in vitro activity
of the polyplexes.
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4.2 Results and discussion

4.2.1 DNA condensation

DNA condensation was evaluated using B3-SS at different concentrations,
keeping constant the pEGFP plasmid concentration (8µgDNA/mL) in
a semidilute regime at the two established values of pH: 5 and 7. The
weight/weight ratio was used again in this chapter to express the ratio of
polymer/DNA. Figures 4.3a and 4.3b show the average diameter of the
formed polyplexes as well as their electrophoretic mobility values, both
obtained with the device Malvern NanoZS.

At low polycation concentrations, there is no charge reversal, and the solution
mixture is formed by free DNA molecules and supramolecular structures with
only few cationic polymers interacting with DNA. At those ratios at which
charge cancellation occurs, large aggregates are found. Further addition of
polymer finally leads to positively charged particles with a compact size.
The main difference between both experimental conditions is the minimum
concentration of polycation necessary to induce DNA condensation: 10
w/w at pH 5 and 15 w/w at pH 7. Under the acidic environment, the
polycation presents higher positive charge, due to the protonation of more
amino groups from its backbone. This has an influence on the solubility of
the polymer and on its interaction with DNA. This means that at pH 5, a
higher amount of polymer is available to condense DNA, due to its higher
solubility, and the charge reversal is more efficient, since the polycation
has more positive charges. Nevertheless, irrespective the pH value fixed
for condensation (5 or 7) the particle diameter resulted always under 200
nm.

The DLS results shown in Figure 4.3 were corroborated with gel elec-
trophoretic mobility shift assays (EMSA), as seen in Figures 4.4a and 4.4c.
Free DNA chains are still found in w/w ratios lower than 25 at pH 7, while
at pH 5 a completed condensation is achieved for 10 w/w values. From
these results we concluded that despite the polymer alone aggregates at pH
7, when dissolved from the stock in DMSO to HEPES buffer in presence of
DNA, polyplexes are formed and DNA can be efficiently condensed.
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Figure 4.3: (a) Average hydrodynamic diameter ( ) and electrophoretic mobil-
ity (#) at pH 7 and (b) average hydrodynamic diameter (�) and electrophoretic
mobility (�) at pH 5, of B3-SS polyplexes at various weight ratios.

4.2.2 Induction of DNA release under reducing conditions

One of the aims of this chapter is to evaluate if the incorporation of disulfide
bonds into the polymer backbone improves the transfection efficiency of
the formed polyplexes. The strategy is based on the reversibility of the
disulfide bonds, which are stable under non-reducing environments, but are
cleaved by exposure to reducing agents. The destabilization of the polymer
triggers the disassembly of the complex and consequently DNA should be
released.

We performed EMSA studies after the exposure of our polyplexes to the
reducing agent β-mercaptoethanol (β-ME). The results for both pH values
are shown in Figure 4.4. Figures 4.4a and 4.4c represent the condensation
ability of the B3-SS polymer at pH 5 and pH 7 respectively, and they were
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commented in the previous section. On the other hand, Figures 4.4b and
4.4d show the influence of β-ME on the polyplexes. When compared to the

Figure 4.4: Electrophoresis mobility shift assay of B3-SS polyplexes at weight
ratios polymer/DNA indicated above each lane. (a) B3-SS at pH 5, (b) B3-SS
at pH 5 after 2 hours of incubation with β-ME at 37ºC, (c) B3-SS at pH 7
and (d) B3-SS at pH 7 after 2 hours of incubation with β-ME at 37ºC.

non-reducing conditions, it is clear that DNA was partially released from
the complexes as a consequence of the disulfide cleavage. At pH 7, free
DNA is observed even at the higher w/w ratio studied. On the other hand,
at pH 5 DNA is moderately released only at low w/w ratios, 10 and 25.

Chen11 et al. demonstrated that degradation of poly(β-amino ester)s is
extremely sensitive to the pH, above all if pendant primary amino groups
are present in their chemical structure. These authors showed that amino-
containing polyesters degrade much more rapidly in basic solutions than
in acidic conditions. They defend that the ester degradation is mainly
contributed by an intramolecular/intermolecular amidation mechanism in-
stead of purely hydrolysis of ester bonds in the polymer. The protonation
of pendant primary amino groups in acidic solutions inhibits the amino
intra/intermolecular nucleophilic attack to the ester linkage and significantly
decreases the degradation rate. Our B3-SS polymer also possesses such a
type of pendant primary amino groups (see Fig. 4.1), and consequently we
can infer that its hydrolysis will be pH-dependent. It should be noted that
the number of hydrolyzable ester bonds is considerably higher than that of
disulfide bonds.
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Considering all above-mentioned aspects, the results shown in Fig. 4.4, can
be explained as follows: When exposed to β-ME for two hours at 37 ℃, at
pH 5 only the disulfide bonds are reversed and that does not seem to be
enough to disassembly the polyplexes at high w/w. On the other hand at
pH 7, not only the disulfide bonds are cleaved, but also the explained ester
break-up mechanism catalyzed by the presence of the amino groups occurs,
accelerating the degradation process, and consequently releasing DNA.

4.2.3 Temporal stability

The spontaneous hydrolysis of the ester groups of poly(β-amino ester)s is
bound to have a direct impact on the stability in solution of the complexes
obtained with DNA. This can be an advantage for their application in
biological systems, as the DNA is eventually released and the polymers are
degraded into shorter chains that should be easier to metabolize. On the
other hand, if the stability is too low, it may be difficult to work with those
complexes, and storage becomes unthinkable. The temporal stability of the
polyplexes must be analyzed in order to find the optimal conditions. We
used dynamic light scattering (DLS) to evaluate the changes in size of w/w
50 polyplexes with time, and static light scattering (SLS) for the evolution
of scattered light intensity, and the results are shown in Figures 4.5a and
4.5b respectively. The mean size obtained with DLS is the diameter that
an equivalent spherical particle would have in solution. This means that if
various populations are present, and/or the particles are non-spherical, the
size given by the device is an approximation, which is useful for comparison
but might be unreal. With regard to the SLS results, the scattered light
intensity will increase in case of aggregation and drop if the particles swell
or precipitate.

It is clear from Figure 4.5a that B3-SS polyplexes are more stable at pH 5.
The particles keep their size relatively constant during the whole experiment.
However at pH 7, the size of the complexes starts to increase as early as
two hours after condensation. As foreseen, the explanation is related to
the hydrolysis of the ester bonds. The hydrolysis rate depends on several
parameters and the most important one is the pH. At pH 5 the hydrolysis is
slowed down and it seems to have no influence over the size of the complexes
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Figure 4.5: Temporal evolution of hydrodynamic diameter (a) and light
scattering intensity (b) of w/w 50 B3-SS polyplexes at pH 7 (#) and pH 5
(�).

at least during the first 16 hours. In Figure 4.5b the scattered light intensity
of the polyplexes at this pH is practically constant, which corroborates the
stability of the system. However, the scattered light intensity corresponding
to pH 7 apparently presents 4 different regimes:

i) 0 - 120 min. The scattered light remains constant and so is the size. The
complexes are stable.

ii) 120 - 180 min. There is a drop in the scattered light and the size is
slightly increased. Hydrolysis of the outer layer of the complexes takes place
and polymer fragments are released. The system starts to disassemble and
consequently it swells, diminishing the amount of scattered light.

iii) 180 - 450 min. Both the scattered light and the size increase. The loss of
positive charges due to hydrolysis reaches a critical point where the charge
density is not enough to keep the particles from aggregation according to
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the classical DLVO theory. We found two different slopes in the scattered
light, which might be associated to aggregation kinetics. Further studies
should be done in that regard.

iv) 450 min - End. The scattered light decreases and the size increases
quickly. The particles have formed large aggregates that precipitate. The
device is not able to detect them resulting in diminution of the scattered
light.

It is clear from these results that the pH is a determinant factor on the
stability of this type of polyplexes, obtaining durable particles when the pH
is kept acidic. This is a first step to obtain appropriate conditions for their
manipulation and storage.

4.2.4 Colloidal stability versus salinity

The stability of the complexes upon addition of salt is necessary to un-
derstand their behaviour under physiological conditions, but it also serves
to give a qualitative information about the hydrophobic/philic nature of
the particles. The diameter of the complexes was obtained with the NTA
technique, due to the low concentration needed. Sodium chloride was added
to previously formed polyplexes and the size was measured after six minutes
of exposure. The mean number-weighted diameter of the complexes against
salt concentration for both pH values can be seen in Figure 4.6. The almost
constant sizes of the complexes up to 200-250 mM of NaCl indicate that
the particles can be exposed to the physiological concentration of salt (i.e.
150 mM). After that point, we find large aggregates, as predicted by the
DLVO theory. In both cases restabilization by hydration forces is observed at
350-450 mM of salt which is a sign of the hydrophilicity of the complexes.

4.2.5 Transfection efficiency and toxicity

In order to fulfill the objectives of this chapter, the biological performance
of the studied polyplexes should be evaluated. We carried out viability and
in vitro transfection studies directed to answer our two main questions.
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Figure 4.6: Mean number-weighted as a function of NaCl concentrations of
w/w 50 B3-SS polyplexes at pH 5 (�) and pH 7 (#).

a) Influence of the disulfide bonds We needed control polyplexes without
disulfide bonds to evaluate if the modification was useful. For that purpose
we used a polymer, B3, which varies from B3-SS in the absence of disulfide
bonds. The polyplexes formed with B3 are used as blank against its
corresponding B3-SS counterparts. In Figure 4.7 we can see from the
percentages of transfected cells that no significant difference is found due
to the disulfide bonds. As deduced from the treatment with β-ME, the
number of disulfide bond is not sufficient when compared to the number
of ester groups, which are predominant and present in both B3-SS and B3
polymers.

b) Influence of the initial pH In all cases, polyplexes were added to the
culture medium, which is at pH 7.4. The influence of the condensation pH
can also be evaluated from Figure 4.7. The only significant difference is
found at w/w 10, where the polyplexes condensed at pH 5 seem to be more
efficient. According to the previous results, at this weight ratio polyplexes
are formed at pH 5 but not at pH 7. The percentage of transfected cells is
not influenced by the initial pH for the other weight ratios, which means
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Figure 4.7: Transfection efficiency (bars) and relative viability (symbols).
HeLa cells were transfected with B3-SS or B3 polyplexes at indicated weight
ratios and pH. Buffers were used as negative control (gray) and PEI polyplexes
at N/P = 6 were considered positive control (light gray). B3-SS pH 5 (Orange
bars and squares) , B3-SS pH 7 (orange patterned bars and circles), B3 pH 5
(purple bars and triangles) and B3 pH 7 (purple patterned bars and stars).

that pH 5 can be used as working condition with no reduction of efficiency
but with higher stability.

The viability of the complexes is kept above the 70% for the highest
concentration used. Complexes of B3-SS at initial pH 5 seem to be slightly
less toxic, probably due to better solubility.
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4.3 Conclusions

A poly(β-amino ester) B3-SS containing disulfide bonds was used to con-
dense DNA at two different values of pH, 5 and 7. Due to the higher
protonation of the amino groups at pH 5, the minimum condensation ratio
was lower than that observed at pH 7. Nevertheless, further addition of
polymer led to positively charged particles under 200 nm in diameter at
both pH values.

When exposed to a reducing agent, such as β-mercaptoethanol, the disulfide
bonds are reversed. At pH 5, those breakages are not enough to release
all DNA. On the contrary, at pH 7 the combined cleavage of disulfide and
ester bonds results in disassembly of the polyplexes.

The stability in solution of the polyplexes is extremely dependent on the
pH, owing to the hydrolysis of the ester bonds catalyzed by the pendant
amino groups at neutral pH. As a result, complexes at the acidic pH are
stable over a longer period of time.

The colloidal stability of the polyplexes at both pH values indicates that
the particles can be exposed to the physiological salt concentration with-
out aggregation. In both cases restabilization by hydration forces was
observed.

Transfection efficiency was evaluated in HeLa cells and no significant dif-
ferences were found on account of the disulfide bonds. The number of
these environmentally responsive bonds was not sufficient to observe an
increase in the in vitro activity, considering the predominance of ester groups
present in both the control B3 and the B3-SS polymers. The viability of
the complexes was kept above the 70% even for the highest concentration
used.

Transfection was also analyzed as a function of the initial pH. The percentage
of transfected cells was not significantly influenced by this parameter. Thus,
we found three reasons to routinely use pH 5 to form B3-SS polyplexes: i)
it favors the solubility of the polymer, ii) it increases the temporal stability
of the complexes, which improves their storage, and iii) it does not reduce
the transfection efficiency.
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5
PAMAM/DNA complexes

In the fifth chapter an octadecyl sulfonyl PAMAM G2 was used to condense
plasmid DNA. The influence of this modification at different levels was
investigated by comparison with original PAMAM G2
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5.1 Background and motivation

Dendrimers are polymers with unique properties, highlighting the perfectly
defined and monodisperse structure (based on stepwise synthesis) and mul-
tiple terminal groups. These features make dendrimers useful for biomedical
applications1 as antimicrobial and antiviral drug, in tissue engineering, drug
delivery, transfection and others2–6

When it comes to gene delivery, polyamido amines (PAMAM) are one of
the most widespread dendrimers. PAMAM bears surface amino groups
which facilitates the electrostatic interaction with the negatively charged
DNA. Moreover, the buffering capacity of the internal amino groups is
believed to facilitate endosomal escape due to the proton sponge effect.
Haensler and Szoka7 published the first gene delivery study using PAMAM
to form a dendrimer-DNA complex (dendriplex). Many papers have followed,
reaffirming the potential suitability of PAMAM for gene delivery8,9.

However, in spite of their promising features, 20 years later dendriplexes
have not been translated into the clinic. It is still a challenge to predict the
in vivo behavior of synthetic vectors and there is a need for optimization and
rational design of polymeric therapeutics10. Characterization of dendriplexes
at the physicochemical, in vitro and in vivo levels11–13 is essential to achieve
the desirable outcome14,15.

The original structure of PAMAM has been widely modified in literature.
One example is the attachment of hydrophobic moieties. Aliphatic chains16,
steroids17, hydrophobic aminoacids18, or even organic fluorescent dyes19
they all seem to agree on the improvement in transfection. In most cases
this fact is ascribed to a facilitated interaction with cell membranes, even
though it seems unlikely for some of the moieties used.

In this chapter we will discuss the implications of an aliphatic modification
of PAMAM at different levels: (a) formation and stability of dendriplexes,
(b) interaction with a cell membrane model and (c) transfection efficiency.
For that purpose we have chosen an octadecyl modified PAMAM G220
(structure shown in Figure 5.1). The significant improvements in DNA
condensation and transfection achieved by incorporation of a C18 alkyl
chain to PAMAM G2 are described.
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5.2 Results and discussion

5.2.1 DNA condensation

In a first approach, we studied the ability of PAMAM and C18-PAMAM
G2 dendrimers (structures shown in Fig. 5.1) to condense DNA. The
hydrodynamic diameter and surface charge at different Z were evaluated
and the results are shown in Figure 5.2. It is important to note that the
average size obtained by DLS is the diameter that an equivalent spherical
particle would have in solution.

When low quantities of dendrimer are used, large aggregates appear in
solution. Close to the neutralization point, aggregation of non-charged
complexes occurs. If we increase Z we finally obtain particles of lower
hydrodynamic diameter. The first difference we can observe is related
to the average diameter of the particles. Much lower values are found
when C18-PAMAM is used. The hydrophobic chain bound to C18-PAMAM
contributes to better condensation of DNA, obtaining particles with an
approximate average diameter of 80 nm. On the other hand, unmodified
PAMAM yields bigger particles which become even bigger if we continue
adding dendrimer.

In Figure 5.2b we can observe the electrophoretic mobility of the resulting
complexes. Both curves are similar, as expected due to the low modification
ratio, which barely changes the overall charge of the PAMAM dendrimers.
The surface charge of the complexes remains constant and positive over an
Z=5.

The intensity weighted size distributions of our complexes obtained from
the DLS data as a function of Z for both dendrimers are shown in Figure
5.3. The evolution of the system upon progressive addition of dendrimer
can be followed from top to the bottom. At the point of charge neutrality
we find large aggregates of around 1 µm for both dendrimers. We will
focus first on the solid lines in Figure 5.3, corresponding to dendriplexes
of C18-PAMAM. In the region Z=5-12, it is evident the coexistence of
two different populations21. On the one hand, we find a broad peak which
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Figure 5.1: Chemical structures of (a) PAMAM G2 and (b) PAMAM G2
modified with a C18 alkyl sulfonyl chain (1:0.5) via aza-Michael addition(C18-
PAMAM).

might correspond to a coil or extended conformation, with fluctuations
as indicated by the width of the peak. On the other hand, we can see a
narrower peak of more compact small particles that becomes predominant
when increasing the dendrimer concentration. (Note that the x-axis scale is
logarithmic).
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Figure 5.2: (a) Average hydrodynamic diameter and (b) average elec-
trophoretic mobility, at various Z of PAMAM (#) and C18-PAMAM ( �)
dendriplexes.

If we observe now the dotted lines in Figure 5.3, that is, dendriplexes of
PAMAM, some differences are found. We can also see coexistence, but both
peaks are displaced into higher values. Besides, the proportion between the
two populations remains basically constant even at high Z.

PAMAM dendrimers present primary amino groups on their surfaces, so they
are positively charged at pH 7.4. Due to the negative charge of DNA, there
will be electrostatic attraction between them, yielding to interpolyelectrolyte
complexes (IPEC). In order to be used for gene delivery, the dendrimers
should condense DNA into small particles able to pass more easily through
the biological barriers. It is though not enough to obtain an IPEC, but
the polymers must blend into more compact particles, presumably with a
toroidal and/or rod shape in the case of second generation PAMAM22,23.
According to our results, for both modified and unmodified PAMAM, in-
terpolyelectrolyte complexes are formed with DNA. But only when the
alkyl C18 chains are present, small compact and predominant particles are
obtained.
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Figure 5.3: Intensity weighted distribution functions of PAMAM (dotted line)
and C18-PAMAM (solid line) dendriplexes at various Z.

5.2.2 Temporal stability

After analyzing particle size distributions, we decided to focus on Z=12,
which is the lowest proportion we found with acceptable homogeneity of
C18-PAMAM samples (percentage of intensity corresponding to compact
particles over 80%). PAMAM and C18-PAMAM dendriplexes at Z=12
were allowed to evolve with time while we measured their diameter every
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5 minutes. Figures 5.4a and 5.4b show the hydrodynamic diameter of the
dendriplexes taken from the position of the main and secondary peaks of
the intensity distribution given by the DLS device. (Note: Only the main
and secondary peaks corresponding to intensity percentages higher than
20% are considered for clarity)

Figure 5.4: Temporal evolution of the mean diameters of the various peaks
from the intensity distribution functions given by DLS of (a) C18-PAMAM
dendriplexes, main peak �, secondary peak � and (b) PAMAM dendriplexes ,
main peak #secondary peak  at Z=12.

As observed in Figure 5.4a, C18-PAMAM dendriplexes have a hydrodynamic
diameter of 60 nm and they are stable for at least 18 hours in formulation
buffer. However, some aggregates of approximately 300-400 nm start to
appear after 10 hours.
On the other hand, PAMAM dendriplexes, as seen in Figure 5.4b, present
two peaks from the beginning corresponding to extended complexes and
compact particles. It is easy to follow the evolution of both populations,
which remain constant up to 40 minutes. At this point, bigger particles
become predominant in terms of intensity, and their size starts to increase
progressively. Two hours later the device is not able to detect any of
the smaller particles, either because of their disappearance or due to the
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impossibility of DLS to distinguish small (and scarce) particles when much
bigger ones are present.

The increase in size might be caused by aggregation of the dendriplexes or
decompaction of DNA. We have used static light scattering to solve which
of these two situations occurs. Figure 5.5 gives information about the time
evolution of scattered intensity. Aggregation will be distinguishable as an
increase in the scattered light. On the contrary, if there is dissociation the
scattered light intensity will drop.

Figure 5.5: Temporal evolution of the intensity of light scattered by C18-
PAMAM (�) and PAMAM (#) dendriplexes at Z=12.

It is clear from Figure 5.5 that the temporal behavior of both systems
is different. In the case of PAMAM dendriplexes there is no appreciable
change in the intensity during the first 100 minutes (after 30 minutes of
condensation, this is, 130 minutes from mixing). After that, a fast decrease is
observed, indicating disassembly due to morphological changes experienced
by low generation PAMAM dendriplexes, as explained elsewhere24. From
these results it is deduced that after mixing PAMAM G2 and DNA, an
unstable state is reached and the system quickly evolves into a more stable
configuration. But this instability can be avoided thanks to the added alkyl
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chains in our C18-PAMAM. Despite the evident process of progressive slow
aggregation deduced by the slight slope of the scattered light intensity
(Fig. 5.5), the 60 nm population of C18-PAMAM dendriplexes remains
unchanged for at least 20 hours (Fig. 5.4a). This is a huge improvement
compared to original PAMAM.

5.2.3 Interaction with a cell membrane model

Once demonstrated that the PAMAM bearing alkyl chains with 18 carbon
atoms improves the condensation of the DNA in the dendriplex due to
hydrophobic forces, it is interesting to evaluate whether this modification also
affects the interaction with a model cell membrane. We have evaluated both
the adsorption kinetics of our dendriplexes onto a monolayer of zwitterionic
lipid DPPC (dipalmitoylphosphatidylcholine) and the rheological properties
of the mixed DPPC/dendriplex system. These experiments, which to our
knowledge have not been performed before with dendriplexes, have been
carried out in a pendant drop film balance implemented with subphase
exchange so that the interaction can be analyzed in-situ and with minimal
disturbance of the surface25.

Figure 5.6a shows the time evolution of the surface pressure of a DPPC
monolayer spread onto HEPES buffer following subphase exchange by
dendriplex or HEPES solution at a surface pressure of π= 20 mN/m before
exchange. Note that the data plotted in Figure 5.6a start after the subphase
exchange had been completed so that the starting surface pressure is already
different from 20 mN/m for the dendriplexes curves. A reference curve
where we exchanged the drop subphase by the same buffer solution has
been included in the figure for comparison. In this curve, the surface
pressure remains constant at 20 mN/m. Exchange by PAMAM dendriplexes
results in an increase in the surface pressure which is doubled in the case of
C18-PAMAM complexes. The increase takes place during the exchange, as
indicated by the different starting points of the curves, and it continues with
time. The adsorption kinetics shows in both cases a small lag time after
the exchange followed by a rapid increase of surface pressure reaching a
steady state in 15 minutes. The small lag time recorded might indicate that
the dendriplex sticks itself under the DPPC monolayer prior to penetrating
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into the surface layer26. DPPC is a zwitteronic lipid that bears a positive
charge from the choline group and a negative charge from the phosphate.
At the air-water interface, the polar heads of the phospholipid are oriented
into the bulk so that the dendriplexes can interact electrostatically with
the phosphate group27. The increment of surface pressure shown in Figure
5.6a clearly indicates that both PAMAM and C18-PAMAM dendriplexes are
attracted onto the surface layer and penetrate into the phospholipid chains
but the effect is more noticeable when the alkyl chain is present.

Figure 5.6: (a) Adsorption kinetics onto a DPPC monolayer at π= 20 mN/m
following subphase exchange with C18-PAMAM dendriplexes (black),with PA-
MAM dendriplexes (light gray) and with HEPES buffer (gray). (b) Dilatational
surface elasticity moduli as a function of frequency measured at the end of
curves plotted in (a). Subphase exchange of DPPC monolayer with C18-
PAMAM dendriplexes (black), with PAMAM dendriplexes (light gray) and with
HEPES buffer (gray).

Penetration of the dendriplexes into the lipid monolayer could result in alter-
ations of the lateral packing in the monolayer28. In order to investigate this
in more detail we measured the surface dilatational moduli of the adsorbed
dendriplexes onto the DPPC monolayer. This magnitude reflects inter-
and intramolecular interactions taking place at the surface and is sensitive
to molecular orientations and conformational transitions at the surface29.
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We measured the surface dilatational modulus at different frequencies of
perturbation imposed to the oscillating drop. In all cases the viscous com-
ponent of the dilatational modulus was very small and the systems appear
predominantly elastic. Hence, Fig. 5.6b shows the elastic component of the
surface dilatational modulus (E’) of DPPC, DPPC/PAMAM dendriplex and
DPPC/C18-PAMAM dendriplex. The oscillations were done at the end of
each dynamic curve shown in Figure 5.6a.

Interestingly, Figure 5.6b shows that only the presence of the C18-PAMAM
complexes significantly affects the dilatational elasticity of the surface layer.
This suggests that the hydrophobic modification of C18-PAMAM not only
implies a further penetration into the DPPC monolayer but also affects
the packing state of the monolayer in contrast with PAMAM dendriplexes.
According to Figure 5.3, PAMAM dendriplexes present an extended confor-
mation (flexible), while C18-PAMAM condenses DNA into small particles
(rigid). The increased stiffness observed with C18-PAMAM can be at-
tributed to the presence of those rigid complexes at the surface. Also, the
presence of the alkyl chains at the surface could promote molecular binding
at the surface, hence resulting in a stiffer molecular assembly.

Figure 5.6b also shows that the dilatational elastic modulus increases
with the oscillation frequency in all three curves as expected in the linear
regime30.However, this increase is more noticeable (higher slope) for the
DPPC/C18-PAMAM dendriplex. Thus, the higher the frequency the more
visible the differences are between the two dendrimers. According to López-
Montero et al.30, this behavior could be ascribed to the formation of
lipid domains induced by the C18-PAMAM dendriplexes meaning that the
interaction occurs locally at the surface in domains. Accordingly, despite
the minor surface activity of the dendriplexes, C18-PAMAM dendriplexes
seem to promote a local distortion of the phospholipid tails.

We have looked into two magnitudes of the mixed lipid/dendriplex. On
the one hand, the dynamic adsorption curves in Fig. 5.6a demonstrate
that C18-PAMAM dendriplexes have stronger affinity for phospholipids
at the air-water interface than PAMAM complexes. On the other hand,
only C18-PAMAM dendriplexes affect the rheological properties of the
monolayer. Hence, at a low surface coverage of DPPC (≈20 mN/m),
PAMAM dendriplexes penetrate into the DPPC monolayer interacting with
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the phospholipid molecules via electrostatic interactions. This mechanism
barely affects the flexibility of the monolayer as measured by the dilatational
elastic modulus. Conversely, C18-PAMAM dendriplexes penetrate into
the DPPC monolayer interacting with the phospholipid molecules by a
combined mechanism including electrostatic and hydrophobic interactions.
The mechanism of DNA compaction of C18-PAMAM provides a stiffer
system and the alkyl chain seems to induce lipid domains which could be
significant for cellular uptake31,32.

5.2.4 Transfection efficiency and toxicity

The ultimate goal of our dendriplexes is to deliver efficiently plasmid DNA
into cells. We used both systems at different Z to transfect HeLa cells with
the GFP (Green Fluorescent Protein) encoding plasmid pEGFP. Figure 5.7
shows the percentage of complete cells that expressed green fluorescent
protein after transfection with our dedriplexes and the viability of treated
cells.

When Z is increased, so is the transfection efficiency of both systems.
Between Z=1 and Z=5, the increase in the positive charge of the complexes
(Fig. 5.2) favors the interaction with the negatively charged cell surfaces,
which is a requirement for unspecific cellular uptake. However, if we focus on
the C18-PAMAM we observe an augment in the percentage of transfected
cells even when the charge of the complexes was constant; this is, from Z=5
to Z=20. This can be ascribed to the size distribution explained above (Fig.
5.3). When increasing Z, one small population was predominant, which is
probably more efficient in delivering the plasmid33.

If we compare now both systems, it is clear that the transfection efficiency of
the C18-PAMAM dendriplexes is considerably enhanced. At the optimized
Z=12, a three-fold increase in transfection was observed when the hydropho-
bic chain was present. The incorporation of this alkyl chain influences the
hydrophobicity, size and stability of the complexes, which contribute to their
interaction with cells, as seen in the cell membrane model, resulting in this
case in enhanced GFP expression.
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Figure 5.7: Transfection efficiency (bars) and relative viability (symbols).
HeLa cells were transfected with PAMAM or C18-PAMAM dendriplexes at
indicated Z. HEPES buffer was used as negative control and PEI polyplexes at
Z=6 were considered positive control (light gray). PAMAM (Patterned bars,
#) , C18-PAMAM (gray bars, �).

Cell viability is also shown in Figure 5.7. PAMAM dendriplexes are slightly
more toxic than their modified C18-PAMAM counterparts. It is known that
the cytotoxic effects of polycations are related to their interaction with
the negatively charged cell membrane which leads to destabilization and
even activation of intracellular signaling pathways34. When the polycation
is bound to DNA, the toxicity is reduced if compared to the polycation
itself. In our case, unmodified PAMAM G2 was not efficient in condensing
DNA, and disassembly was found in a short time. This means that the
concentration of free dendrimer is higher and explains the higher toxicity.
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5.3 Conclusions

An alkyl-sulfonyl modified PAMAM G2 was investigated as gene vector
and compared to unmodified PAMAM G2. The dendrimers were used to
condense plasmid DNA and both modified and unmodified PAMAM formed
interpolyelectrolyte complexes with DNA. Interestingly, incorporation of
the C18 aliphatic chain helps to the condensation process via hydrophobic
interactions resulting in a single population of small and compact complexes
above Z=12. This is in contrast with the multiple coexistent conformations
found for the entire range of Z studied with PAMAM.

The temporal stability of the dendriplexes was also influenced by the con-
densation process and consequently by the added alkyl chains. Complexes
formed with C18-PAMAM were ten-fold more stable in solution than the
original PAMAM dendriplexes, which disassembled in few hours.

The interaction of our dendriplexes with a model membrane was addressed
by pendant drop tensiometry obtaining an augmented incorporation of C18-
PAMAM complexes into a lipid layer. Moreover, the experimental results
evidence that, at low surface coverage, the dilatational elasticity of the lipid
monolayer is not affected by the presence of PAMAM dendriplexes whereas
the C18-PAMAM dendriplexes increase the rigidity of the monolayer. The
possible induction of lipid domains suggested by the interfacial rheology
studies might have an effect on the internalization and should be further
studied.

At the optimized N/P ratio of 12, a three-fold increase in transfection was
observed when the hydrophobic chain was present. The incorporation of
the octadecyl chains strongly influences the DNA condensation process
modulating the size and stability of the complexes and their interaction
with a model membrane, which results in better biological performance in
vitro.
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complexes
The sixth chapter is dedicated to the investigation of the hydrophobic
interactions in the condensation process. Poly(amidoamine)s with the same
cationic block but different hydrophobic chains were used to condense
DNA.
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6.1 Background and motivation

The main drawback of polymeric materials for the systematic investigation
of structure-activity relationships is the polydispersity of their molecular
weights which contributes to the heterogeneity of the complexes formed
with DNA1. In the previous chapter we used PAMAM dendrimers with
a well-defined structure as a consequence of their synthesis procedure2.
However, it was not easy to manage the number of amino groups modified
with the hydrophobic chain, and the process was controlled exclusively by
the stoichiometry of the reactants. The ideal condensing agent should
integrate in their backbone different domains for targeting, shielding and
release among others3. That multifunctional polymer requires not only a
rational design, but also a procedure of synthesis that grants full control of
the functionalities and their position.

Figure 6.1: Structures of the polymers (a) STP10, (b) Myr-STP10 and (c)
Ole-STP10 polyplexes.
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Hartman4 et al. demonstrated the synthesis of linear poly(amidoamine)s
(PAAs) using solid-phase assisted synthesis. This approach is well known
and widely used for the synthesis of peptides, due to its multiple advantages.
The whole process can be automated, controlled step-by-step and it is
based on the use of a solid phase and reversibly protected reactive groups.
Poly(amidoamine)s are versatile in structure and functionality, and their
unique properties make them suitable for many biomedical applications5.

The potential to tailor-make the domains of the polymer to modulate the
interactions involved in the DNA condensation process is what has motivated
the use of PAAs in this chapter. By combining a cationic building block with
hydrophobic chains of different lengths6 a family of linear sequence-defined
poly(amidoamine)s can be easily synthesized.

Our main objective was to evaluate the contribution of different hydrophobic
chains to the condensation of a plasmid DNA. We chose three positively
charged polymers with identical cationic building blocks of 31 protonable
groups, but bearing different hydrophobic tails. Figure 6.1 shows the
structure of the three PAAs used. The STP10 polymer, which is the
unmodified cationic building block, the STP10 −Myr2, which has been
modified with two tails of myristic acid (14-carbon fatty acid, saturated), and
the STP10 −Ole2 polymer, that bears two chains of oleic acid (18-carbon
fatty acid, one unsaturation).

The objectives of this chapter will be:

i) To evaluate the influence of the hydrophobic moieties on the condensation
process and on the morphology of the formed complexes.

ii) To analyze the interaction of the polymers with a cell membrane model.

iii) To correlate the colloidal properties of the complexes and its morphology
with the transfection in vitro.
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6.2 Results and discussion

6.2.1 DNA condensation

The ability of the STP10, Myr-STP10 and Ole-STP10 linear
polyaminoamides to condense DNA was studied using the gel retarda-
tion assay and the obtained results are shown in Figure 6.2. Polyplexes were
formed with the pEGFP plasmid at different N/P ratios in HEPES buffer
20 mM, pH 7.4. The three investigated polymers present a similar behavior
and all DNA is retained above N/P=1 regardless the polymer used, which
demonstrates the strong attachment of these pAAs to DNA. Moreover, at
N/P=1, DNA is partially condensed, since none of the lanes reaches the
distance of the untreated DNA and the bands corresponding to Myr-STP10
and Ole-STP10 are smeared.

Figure 6.2: Electrophoresis mobility shift assay of STP10, Myr-STP10 and
Ole-STP10 polyplexes (from left to right) at different N/P ratios indicated
above each lane. Lane 1, naked DNA

The average hydrodynamic diameter of the complexes at different N/P
ratios was determined by dynamic light scattering (DLS) with a Malvern
Nanosizer ZS. The obtained results are presented in Figure 6.3. The error
bars correspond to the standard deviation of three replicate measurements.
At N/P=0.5, large particles with an approximate diameter of 500-600 nm
were identified. The reduction in size observed in comparison with that
of free DNA indicates that the polymers are interacting with DNA and
supramolecular structures are likely formed, but the amount of condensing
agent is not enough to induce condensation. Further addition of polymer
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dramatically decreases the size of the complexes formed, obtaining particles
of 100 nm in diameter at N/P=2. According to Figure 6.2, DNA was mainly
unbound at N/P=1. DNA coils and globular complexes may coexist and
that would be reflected on the polydispersity index (PDI) of the samples.
The table 6.1 shows the PDI of the complexes formed at N/P ratios of 0.5,
1 and 2, and the standard deviation was used as error.

Figure 6.3: Average hydrodynamic diameter of untreated DNA (densely pat-
terned) and STP10 (dark gray), Myr-STP10 (patterned) and Ole-STP10 (light
gray) polyplexes at different N/P ratios.

The large structures found at N/P=0.5 have a high PDI, indicating a wide
size distribution, as expected. At N/P=1, despite the small sizes found
with the three polymers, high PDI values are observed. This corroborates
the coexistence of different species in solution, and indicates that a higher
amount of polymer would be necessary to induce full compaction. Lastly, the
PDI values obtained at N/P=2 are much smaller, being ≤ 0.25, which we
consider acceptable enough for interpolyelectrolyte complexes. Consequently,
further studies of the polyplexes will be done at N/P=2.
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STP10 Myr-STP10 Ole-STP10

N/P= 0.5 0.62 ± 0.07 0.59 ± 0.07 0.58 ± 0.08

N/P= 1 0.44 ± 0.07 0.65 ± 0.03 0.331 ± 0.011

N/P= 2 0.250 ± 0.024 0.194 ± 0.016 0.233 ± 0.020

Table 6.1: Polydispersity indexes of the complexes formed at different N/P ratios.

6.2.2 Influence of the hydrophobic chains on DNA condensation

The condensing ability and hydrodynamic diameter of the complexes did not
point to differences derived from the presence of the hydrophobic moieties.
The driving force of DNA condensation is the electrostatic interaction
between the oppositely charged polymers, and this can mask the contribution
of other forces, such as the hydrophobic ones. Salt is known to enhance the
hydrophobic interactions that additionally stabilize the collapsed state7. In
order to investigate in more detail the condensation of DNA with these linear
PAA we decided to progressively increase the concentration of monovalent
salt, thus reducing the effective charge of the polymers. The polyplexes were
formed at different initial sodium chloride (NaCl) concentration and the
average hydrodynamic diameters were measured by DLS (Figure 6.4). Due to
the importance of counterions and its valence in the condensation process,
before performing these experiments, the plasmid DNA was extensively
dialyzed against a solution of NaCl 2M, and then against HEPES buffer 20
mM, pH 7.4. This ensures that monovalent Na+ are the only counterions
in the medium8.

The presence of a higher amount of monovalent salt during the condensation
process has different effects depending on the concentration. The smaller
sizes are obtained when no salt is added, indicating not only optimum
condensation, but also that the formed particles present an overall surface
charge high enough to keep the complexes as individual entities.

When the amount of NaCl present in solution is increased, both the polyca-
tions and the DNA will be partially neutralized. While this is expected to
favor DNA condensation due to the screening of the electrostatic repulsion
between like-charged chains, we observed large aggregates. This can be
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Figure 6.4: Average hydrodynamic diameter of STP10 (dark gray), Myr-
STP10 (patterned) and Ole-STP10 (light gray) polyplexes at N/P=2 formed
at the indicated NaCl concentration.

explained by considering the colloidal stability of the complexes. According
to the classical DLVO theory, the increase of the ionic strength reduces the
repulsive potential that comes from the electrical double layers of charged
particles9. In the absence of other stabilizing mechanisms, the particles will
aggregate. This means that the interaction of the polymers with DNA is
supposed to be facilitated by the addition of a low amount of salt, but the
complexes aggregate due to the screening of the repulsion among them7,10.
This explains the DLS diameters observed at the range of 50-200 mM (de-
pending on the polymer). However, individual entities are again found after
further increase of the initial concentration of salt. And more importantly,
the concentration at which this phenomenon occurs depends on the polymer
used.

At 150 mM of NaCl, a decrease in size is observed exclusively with Ole-
STP10. At 200 mM the diminution in size is also seen with Myr-STP10
and it is not until 400 mM is used that STP10 behaves likewise. The classic
DLVO theory does not predict a re-stabilization at high salt concentrations,
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and aggregation would be expected in the entire range of salt concentra-
tions evaluated. Moreover, the addition of salt might induce dissociation of
interpolyelectrolyte complexes due to the screening of the electrostatic re-
pulsions11, which is the opposite behavior of the observed with our systems.
This phenomenon can be explained by considering another stabilization
mechanism: the hydration forces. This short-range repulsive force is re-
lated to the structuring of water molecules and hydrated ions surrounding
hydrophilic surfaces. Detailed information can be consulted in specific
references12–14. Since the hydration forces depend on the hydrophilicity
of the particles, one would expect to find re-stabilization at lower NaCl
concentrations with the more hydrophilic polymer, i.e. STP10. However,
the trend observed in Figure 6.4 is surprisingly inverted, being the more
hydrophobic polymer (Ole-STP10) the first one to show this behavior.

A similar behavior was observed by Santander-Ortega15 et al. when using
acetylated chitosan adsorbed onto lipid nanocapsules. The critical stabiliza-
tion concentracion (csc) (minimum salt concentration at which the system
begins to re-stabilize) decreased with the hydrophobicity of the chitosan,
this is, the surface was more hydrophilic when the more hydrophobic poly-
mer was used. They proposed that hydrophobic interactions between the
chitosan and the hydrophobic patches of the lipid capsule modulated the
arrangement of the polymer, which would expose only the hydrophilic parts
towards the aqueous phase, resulting in a more hydrophilic surface.

Returning to our systems, a similar mechanism is proposed. The hydrophobic
interactions refer to the clustering of non-polar components in aqueous
environment. The lipophilic chains present in Myr-STP10 and Ole-STP10
are expected to spontaneously approximate, avoiding contact with water.
This interaction is not relevant when the electrostatic attraction is dominant,
i.e. at low salt concentrations. However, when the electrostatic potential
is decreased as a consequence of salt screening, the hydrophobic forces
might promote clustering of the polymers. The hydrophobic moieties would
remain hidden, thus exposing the hydrophilic parts as in the case of chitosan.
If the concentration of salt in the medium overcomes the corresponding
csc of the system, a re-stabilization mechanism would explain the presence
of individual particles/small clusters, instead of large aggregates. The csc
values of our complexes cannot be calculated from the DLS results, but a
qualitative trend of the hydrophilicity of their surfaces will be: Ole-STP10



6.2. Results and discussion 125

> Myr-STP10 > STP10.

If we focus now on the NaCl concentrations above 400 mM of Figure
6.4, the size of the STP10 complexes increases again. The condensation
process is a balance of forces: the interactions favoring condensation must
overcome those which oppose. If the electrostatic potential is further
reduced by screening, the compaction of DNA cannot occur, unless other
interactions compensate the collapse. In the case of Myr-STP10 and Ole-
STP10, hydrophobic interactions favor the condensed conformation, and
the hydration forces stabilize the complexes. On the other hand, STP10
cannot condense DNA anymore and supramolecular large structures, similar
to those formed at N/P=0.5, are likely formed, according to the diameters
seen in Figure 6.4. Upon large excess of salt, all polymers are expected to
lose their ability to condense DNA. In fact, at 800 mM of NaCl the size of
the complexes seems already increased.

To sum up, the hydrophobic moieties attached to our polymers contribute
not only to the condensation process of DNA, but also to the stabilization of
the complexes through a combined mechanism of hydrophobic interactions
and hydration forces.

6.2.3 Morphology of the polyplexes at different ionic strengths

Motivated by the striking behavior of our polyplexes in the presence of
monovalent salt, we questioned whether the morphology of the complexes
would be different as a consequence of a) the hydrophobicity of the polymer,
and b) the ionic strength of the medium. Transmission Electron Microscopy
(TEM) was used to investigate the morphology of STP10, Myr-STP10 and
Ole-STP10 polyplexes formed at N/P=2 in the presence of 0, 0.15, 0.4 and
0.6 M of NaCl. The software ImageJ was used to estimate the size of the
complexes.

6.2.3.1 Without NaCl

Firstly, the morphology of the complexes without NaCl was analyzed. In
Figures 6.5, 6.6 and 6.7, some representative TEM images of the polyplexes
are shown.
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a) The STP10 polymer (Fig. 6.5)produces mainly toroids of an approximate
outer diameter of 60± 11nm. Some rods of 140± 12nm in length are also
found.

Figure 6.5: TEM micrographs of STP10 polyplexes at N/P=2 formed without
NaCl.

b) The Myr-STP10 polymer (Fig. 6.6) produces predominantly amorphous
globules with an average diameter of 100±30nm. In addition, scarce toroids
and rods can be seen.

c) The Ole-STP10 polymer (Fig. 6.7) produces amorphous globules of
84 ± 22nm in diameter. A few toroids are also found. Hairy particles
indicate intermediate states of partially condensed DNA.
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Figure 6.6: TEM micrographs of Myr-STP10 polyplexes at N/P=2 formed
without NaCl.

All these morphologies, i.e. toroids, rods and globules, are structures
commonly found when analyzing DNA condensates16–18. Toroids have been
studied the most, and their structure is known in detail19. However, the
mechanism of toroid formation remains unclear. Several parameters have
been proved to influence the morphology of DNA condensates, such as
the polarity of the solvent20, the ionic strength21, the length of DNA, the
nature of the condensing agent18 and even chirality22.

It seems clear that our polymers yield different morphologies. Since the
number of protonable groups is practically the same for the three of them,
the hydrophobic chains must be responsible for the differences observed. The
tight packaging necessary to form toroids might be sterically hindered by the
alkyl chains23, but the condensation process is favored by both, electrostatic
and hydrophobic interactions. Accordingly, compact amorphous globules
are found.

The size of the complexes correlates well with that obtained by DLS (Fig.6.4).
The presence of agglomerates might be a consequence of the protocol
followed for electron microscopy, which includes drying of the samples. This
would explain why those aggregates are not detected by DLS.
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Figure 6.7: TEM micrographs of Ole-STP10 polyplexes at N/P=2 formed
without NaCl.

6.2.3.2 NaCl, 0.15 M

The PAAs were now used to condense DNA in the presence of 0.15 M of
NaCl, and some of the micrographs can be seen in Figures 6.8, 6.9 and
6.10.

a) The prevalent morphology when using the STP10 polymer (Fig. 6.8) is
still toroidal (119± 16nm), but there are clusters interlinked with partially
condensed DNA forming networks.

b) With the Myr-STP10 polymer (Fig. 6.9), DNA is partially condensed
forming compact amorphous structures (140±40 nm) interlinked with thick
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Figure 6.8: TEM micrographs of STP10 polyplexes at N/P=2 formed with
0.15M of NaCl.

strands.

c) The Ole-STP10 polymer (Fig. 6.10) produces bigger condensates than
in the absence of salt but the morphology is kept. Spheroid complexes,
toroids and rods are found, with an average diameter/length of 170± 50
nm. Hairy particles indicating intermediate states of partially condensed
DNA are still found.

At this ionic strength, the interaction of the STP10 and the Myr-STP10
polymers with DNA promotes the formation of thick cord-like structures23 of
partially condensed DNA. These networks are found between fully compacted
DNA with a toroidal (STP10) or globular (Myr-STP10) morphology.
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Figure 6.9: TEM micrographs of Myr-STP10 polyplexes at N/P=2 formed
with 0.15M of NaCl.

Therefore, the large particle diameters obtained by DLS are not the con-
sequence of aggregation, but of a completely different morphology of con-
densed DNA caused by the presence of a higher concentration of monovalent
salt.

On the other hand, individual entities are found by DLS and TEM with Ole-
STP10 polymer, due to the stronger hydrophobic interaction along with the
moderate concentration of salt present during condensation. The hydration
forces stabilize the complexes, although some networks and aggregates can
also be seen.

6.2.3.3 NaCl, 0.4 M

The micrographs of the polyplexes formed at 0.4 M of NaCl are shown in
Figures 6.11, 6.12 and 6.13.

a) The STP10 polymer (Fig.6.11) yield now amorphous and undefined
complexes surrounded by a diffuse halo. Small white spots which might
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Figure 6.10: TEM micrographs of Ole-STP10 polyplexes at N/P=2 formed
with 0.15M of NaCl.

correspond to crystals of salt after evaporation, are also found in the vicinity
of the particles. The mean diameter of the complexes determined from the
micrographs is 240± 80nm.

b) With the Myr-STP10 polymer (Fig. 6.12), a change in morphology
is observed. Thin rods (350 ± 100nm) , scarce toroids (94 ± 6nm) and
intermediate hairy structures replace the amorphous globules seen at low
salt conditions.

c) The Ole-STP10 polymer (Fig. 6.13) induces the formation of condensates
with various morphologies, but predominantly rods (250± 30nm). Networks
of partially condensed DNA are seen interlinking fully compacted globules
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Figure 6.11: TEM micrographs of STP10 polyplexes at N/P=2 formed with
0.4M of NaCl.

and/or toroids.

At this ionic strength, DLS predicted individual entities regardless the
polymer used (Fig. 6.4). This is confirmed with TEM, but the morphologies
of the complexes depend on the nature of the polymer. The polymers
bearing hydrophobic tails, Myr-STP10 and Ole-STP10, form defined rod-
like complexes. This morphology was barely seen at low salt conditions,
which indicates that the screening of the charges allows tighter packaging of
DNA, while the driving force is mainly hydrophobic, since it is not observed
with STP10. Moreover, the diminution of the electrostatic potential as a
consequence of salt screening, hampers the interaction between the STP10



6.2. Results and discussion 133

Figure 6.12: TEM micrographs of Myr-STP10 polyplexes at N/P=2 formed
with 0.4M of NaCl.

polymer and DNA, and due to the lack of hydrophobic interactions, the
complexes are loose and undefined. However, once the complex is formed,
it can be stabilized by hydration forces, owing to the presence of salt. In
fact, the crystals of salt formed as a consequence of water evaporation are
predominantly found surrounding the complexes, which might indicate that
a higher concentration of ions close to the surface in solution.

6.2.3.4 NaCl, 0.6 M

Finally, the complexes formed at a higher concentration of salt, 0.6 M of
NaCl, were investigated and the micrographs are shown in Figures 6.14,
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Figure 6.13: TEM micrographs of Ole-STP10 polyplexes at N/P=2 formed
with 0.4M of NaCl.

6.15 and 6.16.

a) It was difficult to find any stained structure when using STP10 polymer
at this ionic strength. The micrograph selected (Fig. 6.14) shows one
cluster of amorphous complexes, but it was the exception and not the rule.

b) With the Myr-STP10 polymer (Fig. 6.15) we found again amorphous
globules with a mean diameter of 100 ± 30 nm. The small white spots
surrounding the complexes can also be seen.

c) The morphologies found with Ole-STP10 polymer (Fig. 6.16) are similar
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Figure 6.14: TEM micrographs of STP10 polyplexes at N/P=2 formed with
0.6M of NaCl.

Figure 6.15: TEM micrographs of Myr-STP10 polyplexes at N/P=2 formed
with 0.6M of NaCl.

to those obtained at 0.4 M of NaCl, predominantly rods (200 ± 100nm)
and networks of partially condensed DNA interlinking fully compacted rods
and/or toroids.

This amount of salt does not allow the collapse of DNA with these polymers,
unless the hydrophobic interaction favors the process. The STP10 is not
capable of condense DNA, but complexes are found with the hydrophobically
modified polymers. The Myr-STP10 cannot maintain the ordered rod-like
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Figure 6.16: TEM micrographs of Ole-STP10 polyplexes at N/P=2 formed
with 0.6M of NaCl.

structures seen before, but it forms globular complexes with DNA. The
crystallized salt in the vicinity of the particles might be an indication of the
proposed stabilization mechanism. Lastly, the Ole-STP10 compact DNA
into individual small rods and/or thick strands that remain interlinked in a
network structure. Even toroids are formed, indicating that better packaging
is possible due to screening of charges and hydrophobic interaction.

The TEM results correlate well with those obtained by DLS and it was demon-
strated that both, the hydrophobic modification and the ionic strength,
influence the condensation process, which is reflected in a different mor-
phology and hydrodynamic diameter.

6.2.4 Interaction of the polymers with a cell membrane model

6.2.4.1 Adsorption kinetics

One of the objectives of this chapter was to evaluate the possible interac-
tion of these polymers with a cell membrane model. With that purpose,
we have evaluated both, the adsorption kinetics of our polymers onto a
monolayer of the zwitterionic lipid DPPC (dipalmitoylphosphatidylcholine),
and the rheological properties of the mixed DPPC/polymer system. The
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pendant drop technique, implemented with subphase exchange, was used
with solutions of 5µM of the corresponding polymer in HEPES buffer 20
mM, pH 7.4.

Figure 6.17: Adsorption kinetics onto a DPPC monolayer at π= 20 mN/m
following subphase exchange with HEPES buffer (black) or 5µM of STP10
(blue), Myr-STP10 (green) and Ole-STP10 (orange)

In Figure 6.17, the time evolution of the surface pressure of a DPPC
monolayer spread onto HEPES 20 mM, pH 7.4 is shown. The initial surface
pressure was always fixed at 20 mN/m, although the data represented in
Fig.6.17 start after the complete exchange of the subphase, which means
that the surface pressure might have already changed.

The exchange with the buffer solution was done as a reference, and the
surface pressure remains constant at 20 mN/m during the whole experiment.
On the other hand, the introduction of the PAAs into the subphase modifies
the interfacial tension, and consequently, the surface pressure.

The STP10 polymer increases slightly the surface pressure, but the adsorp-
tion occurs right after the exchange, and it does not continue during the
experiment, as deduced by the low slope of the curve. At pH 7.4, DPPC
exposes a positive charge from the choline group and a negative charge from
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the phosphate. Since the polar heads of the phospholipid are oriented into
the bulk, the positively charged polymers can interact electrostatically with
the phosphate group24. Some of the STP10 polymer chains are therefore
attached to the polar heads via Coulombic interaction, and due to the low
surface density at 20 mN/m, the polymer might slightly penetrate into the
interface.

The Myr-STP10 polymer, on the other hand, is the one with a higher
interfacial activity in the presence of DPPC. The sudden increase of the
surface pressure after the exchange indicates that no induction time is
required, due to the electrostatic interaction with the polar heads of DPPC,
which facilitates adsorption. Progressive penetration of the polymer in the
interface continues during the whole adsorption assay.

The Ole-STP10 polymer present a similar behavior to that of Myr-STP10
polymer, but the change in the surface pressure of the monolayer is smaller.

Although a higher adsorption would be expected from the longer hydrophobic
tails (C18) of Ole-STP10 polymer, the unsaturation of the oleic chains does
not allow close packing at the interface. On the other hand, the myristic
chains (C14) of Myr-STP10 have a similar length to that of the palmitic
tails (C16) of DPPC, and both are saturated, which allows close packaging
and a higher adsorption of the polymer at the air/water interface.

6.2.4.2 Surface dilatational rheology

The adsorption of the polymers at the DPPC monolayer might alter the
lateral packing of the phospholipids25. The response behavior of the inter-
face to small elongational perturbations allows a further understanding of
the interaction of our polymers with a model membrane. Therefore, we
estimated the interfacial dilatational modulus (E) of the different DPPC-
polymer systems by imposing small oscillating perturbations at different
frequencies to the pendant drop. In all cases the viscous component of the
dilatational modulus was very small and the systems appear predominantly
elastic. The interfacial elasticity moduli (E’) are shown in Table 6.2. The
oscillations were done at the end of each dynamic curve shown in Figure
6.17.
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E’ (mN/m)

ω = 0.01s−1 ω = 0.1s−1 ω = 1s−1

HEPES 58.40 ± 0.18 64.7 ± 1.2 70 ± 2

STP10 60.1 ± 0.5 68.1 ± 0.3 74.5 ± 0.6

Myr-STP10 67.6 ± 1.5 74.0 ± 2.1 80 ± 3

Ole-STP10 62.8 ± 2.1 71 ± 3 76 ± 3

Table 6.2: Dilatational surface elasticity moduli of the DPPC/polymer systems
investigated at different frequencies.

The elasticity modulus quantifies the stiffness of the interface. At low
frequencies, the molecules have time to rearrange during the perturbation,
and the interface is more elastic (lower E’). On the other hand, if the
oscillations are too fast (high frequency), the ability to restore the surface
pressure when subjected to deformation decreases, and the interface is more
rigid (higher E’). Therefore, in the linear regime the elasticity modulus
increases with the oscillation frequency26. This trend was observed for all
the systems studied.

The three polymers investigated increase the elasticity modulus of the
interface. During the expansion/compression process of the droplet, the
polymers are rapidly adsorbed at the DPPC monolayer, which leads to a
larger change in the surface pressure, yielding a higher E’. Therefore, the
polymers with a higher degree of penetration into the DPPC monolayer
(Fig. 6.17) will further increase the stiffness of the interface.

It can be concluded that the Myr-STP10 polymer is the one with higher
degree of penetration, thanks to the myristic chains, which allows a better
lateral packing at the interface. The STP10 polymer interacts electro-
statically with the polar heads of the phospholipids slightly modifying the
interfacial properties of the monolayer. The Ole-STP10 presents an inter-
mediate behavior with the long oleic chains penetrating into the DPPC
monolayer, but the presence of an unsaturation reduces the amount of
adsorbed polymer. However, in a real membrane with higher phospholipid
surface coverage, the disruption of the lateral packing produced by the
unsaturated chains might lead to the destabilization of the membrane.



140 6. Linear PAAs/DNA complexes

6.2.5 Transfection efficiency and toxicity

The polyplexes at N/P = 2 formed with the three polymers investigated
in this chapter were used to transfect in vitro HeLa cells with the pEGFP
plasmid DNA, which encodes the Green Fluorescent Protein (GFP). In
order to compare between the different morphologies observed with electron
microscopy, the polyplexes were formed at various NaCl concentrations.
The percentages of transfected HeLa cells and their relative viability are
shown in Figure 6.18.

Figure 6.18: Transfection efficiency (bars) and relative viability (symbols).
HeLa cells were transfected with the polyplexes at N/P=2 formed at different
NaCl concentrations. HEPES buffer was used as negative control and PEI
polyplexes at N/P=6 were considered positive control (light gray). STP10
(Patterned bars, squares) , Myr-STP10 (gray bars, triangles) and Ole-STP10
(black bars, circles).

The values of tranfection are extremely low, even with the PEI positive
control, which indicates that higher concentration of the polyplexes per
well, or longer incubation time, was required for efficient transfection.
For this reason, no comparison is possible among the different polyplexes.
The only system that expressed a little amount of GFP was the Myr-
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STP10 without salt. Those complexes were mainly amorphous globules
of approximately 100 nm in diameter, similar in size and structure to
those of Ole-STP10. However, the interaction of the myristic chains with
a phospholipid membrane might be higher, according to the interfacial
behavior (Fig. 6.17), which likely enhances the uptake of the complexes.

The relative viability of the cells was also studied with the MTT assay. The
higher toxicity (20 %) was seen with the Ole-STP10 at 0.15 M of NaCl.
This might be ascribed to the membrane disruption that the oleic chains can
induce, although it is not clear why this is only seen at this ionic strength.
On the other hand, at 0.6 M of NaCl, the lowest viability is found with
STP10. At this ionic strength this polymer could not condense DNA, and
free polymer can cause more cellular death.

Notwithstanding, further in vitro studies are required to correlate the
morphologies of the polyplexes with the transfection activity.

6.3 Conclusions

Three poly(amidoamine)s, STP10, Myr-STP10 and Ole-STP10, with the
same cationic block but different hydrophobicity were used to condense
plasmid DNA. Their condensation ability was demonstrated by gel retar-
dation and dynamic light scattering at different N/P ratios, obtaining
complexes of approximately 100 nm in diameter above N/P=1 regardless
of the polymer.

The hydrophobic contribution to the condensation of DNA was investigated
by screening the electrostatic interaction with sodium chloride. The size,
polydispersity index and morphologies of the complexes at N/P=2 were
analyzed and we concluded that:

- At low salt conditions the sizes of the complexes were similar independently
of the polymer used, but different morphologies were found. Tight toroidal
packaging was predominant with the polymer without hydrophobic chains,
and amorphous globules were formed with the other two.
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- The increase of the ionic strength produced screening of the charges.
The hydrophobic interaction favored the collapse, and the hindrance of the
lipophilic residues yielded hydrophilic surfaces. Stabilization by hydration
forces was proposed, explaining the compact structures found at moderate-
high ionic strengths.

- The concentration of monovalent salt modulated the morphology of the
complexes, which in turn depended on the polymer used.

The interaction with a cell membrane model was also evaluated, and
the myristic chains of the Myr-STP10 allowed a better lateral packing
at the DPPC interface, achieving a higher penetration degree. Lower
adsorption was found with the oleic chains in spite of being longer, due to
the unsaturation that might disrupt the lateral packing.

The transfection studies were not conclusive and no correlation with the
colloidal properties was possible, although a better performance was achieved
with the Myr-STP10, which presented a higher adsorption at the cell
membrane model.

The hydrophobic interactions play an important role in the DNA conden-
sation process, modulating the compaction ability, the stabilization mech-
anisms and the morphology of the complexes formed. Besides, the long
hydrophobic moieties can improve the interaction with the cell membranes,
which can promote the uptake.
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7
Conclusions/Conclusiones
The seventh chapter exposes the main conclusions of this thesis and future
work ideas.
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The main conclusions of this dissertation can be summarized as follows:

• Various families of cationic polymers, with subtle selected variations
in their backbones, were successfully used to condense plasmid DNA
into compact structures capable of transfecting HeLa cells in vitro.
The experimental techniques used to characterize the complexes have
been proved efficient to establish differences based on the condensation
mechanism, and indirectly, on the structure of the polymer.

• The presence of small hydrophobic ethyl groups in the backbone was
seen to induce a cooperative binding mechanism of free polymer to
pre-formed complexes, yielding particles with a core-shell structure with
a higher positive charge and hydrophobic character. The protective shell
provided better protection of the DNA against enzymatic digestion and
extended temporal stability of the particles in solution. However, the
short hydrophobic moieties did not influence directly the transfection
efficiency of the polyplexes. Depending on the cationic segment and on
the solution conditions, the long hydrophobic residues can determine
whether the DNA is condensed or not. Differences in the temporal
stability and morphology of the polyplexes highlighted the key role of
the hydrophobic interactions in the conformational change of DNA.

• By using the pendant drop technique, we demonstrated that the long acyl
chains increased the adsorption kinetics onto a phospholipid monolayer
at the air-water interface. The saturated alkyl tails allow a better lateral
packing of the phospholipids, which is translated into a higher interaction
with the model membrane. The polymers with higher adsorption yielded
better transfection results, which reveals the potentiality of this technique
to establish structure-activity relationships.

• The in vitro activity of the complexes was not dependent on the con-
densation pH, demonstrating that, for the pH-dependent degradable
polymer studied, an acidic pH improved the storage of the complexes,
increased the temporal stability and it did not reduce the transfection
efficiency.

• The concentration of monovalent salt modulated the morphology of
the complexes, which in turn depended on the structure of the polymer
used. The screening of the charges at moderate concentrations of salt
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revealed the importance of the hydrophobic interactions. A mechanism of
re-stabilization by hydration forces was proposed to explain the presence
of compact structures at moderate-high ionic strengths.
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Las principales conclusiones de este trabajo se resumen a continuación:

• Varias familias de polímeros catiónicos, con ligeras diferencias selec-
cionadas en sus esqueletos, se han utilizado con éxito para condensar
ADN plasmídico, obteniendo estructuras compactas capaces de trans-
fectar células HeLa in vitro. Las técnicas experimentales utilizadas para
caracterizar los complejos son válidas para establecer diferencias basadas
en el mecanismo de condensación, e indirectamente, en la estructura del
polímero.

• Se ha observado que la presencia de pequeños grupos etilo en la es-
tructura del polímero induce un mecanismo de unión cooperativa de
polímero libre a complejos pre-formados, resultando en partículas con
una estructura de núcleo-coraza de elevada carga positiva y cierto carác-
ter hidrófobo. La coraza protectora proporciona una mejor protección
frente a la digestión enzimática y prolonga la estabilidad temporal de
las partículas en disolución. Sin embargo, estas cadenas hidrofóbicas de
pequeña longitud no parecen influir directamente en la eficiencia de trans-
fección de los poliplejos. Dependiendo del segmento de carga positiva del
polímero, y de las condiciones del medio, las cadenas hidrofóbicas de más
longitud pueden llegar a determinar si el ADN es condensado o no. Las
diferencias que se encontraron en estabilidad temporal y morfología de los
complejos revelan el papel fundamental de las interacciones hidrofóbicas
en los cambios conformacionales del ADN.

• Utilizando la técnica de la gota pendiente se ha demostrado que las
largas cadenas hidrocarbonadas incrementan las cinéticas de adsorción a
una monocapa de fosfolípidos en la interfase aire/agua. Si las cadenas
lipídicas son saturadas, se alcanza un mayor grado de empaquetamiento
lateral de las colas, lo que se traduce en una mayor interacción con la
membrana modelo utilizada. Los polímeros que presentaron una mayor
adsorción fueron los que lograron mejores resultados de transfección, lo
que destaca la potencialidad de esta técnica para establecer relaciones
de estructura-transfección.

• La actividad in vitro de los complejos formados con un polímero con
degradación pH-dependiente no se vio influida por el valor del pH durante
la condensación, demostrando que para ese polímero, un pH más ácido
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mejoraba el almacenamiento de los complejos puesto que incrementaba
su estabilidad temporal, sin disminución de la eficacia de transfección.

• La concentración de sal monovalente modula la morfología de los com-
plejos, que a su vez depende de la estructura del polímero utilizado.
El apantallamiento de las cargas a concentraciones moderadas de sal
revela la actuación e importancia de las interacciones hidrofóbicas. Se ha
propuesto un mecanismo de re-estabilización por fuerzas de hidratación
para explicar la presencia de estructuras compactas a una fuerza iónica
moderada-alta.
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