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RESUMEN

El objetivo central de la tesis es el desarrollo de un método eficiente para la preparacion
de liposomas en ausencia de disolventes organicos, asi como su empleo para
aplicaciones analiticas en biosensores, como nanoreactores en la sintesis de

nanoparticulas de oro, Yy en la liberacion controlada de fairmacos.

En el Capitulo I se introducen los conceptos fundamentales y se describe el estado del

arte.

El Capitulo II describe la optimizacion de un nuevo método que involucra una sola
etapa de preparacion de poblaciones homogéneas de nanoliposomes unilaminares muy
estables.

Este método ha sido desarrollado teniendo en cuenta el fenomeno de formacion
espontanea de vesiculas a partir de los lipidos y la teoria de curvatura. Se basa en la
combinacion de un cambio rapido de pH 7.4 a 11 y finalmente a 7.4, seguido por un
periodo definido de equilibrio. El método fue aplicado a un amplio rango de
formulaciones y se evaluaron varios parametros experimentales en términos de sus
efectos sobre el tamafio y la forma de los liposomas, siendo el intervalo de tiempo de la
variacion de pH, la temperatura de operacion, el tiempo de equilibrio, y el tipo de
lipidos los factores que determinan el tamafio, forma y monodispersion de los

liposomas.

Una vez establecido el método de preparacion de liposomas, en el Capitulo III se
describe la utilizacion de liposomas termosensibles como elementos amplificadores de
la sefial en el desarrollo de un inmunosensor amperométrico para la deteccion del
antigeno carcinoembrionario (CEA), que es considerado un marcador tumoral para el
diagnostico de varios tipos de cancer como el de mama y colon. Se estudiaron cinco
métodos diferentes de bio-conjugacion de un anticuerpo anti-CEA a liposomas
encapsulando la peroxidasa de rabano (HRP). Se realizaron medidas de -potencial {

antes y después de cada método de modificacion, asi como después de la incubacion
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con el antigeno CEA como una herramienta para monitorear el éxito de la modificacion
y la afinidad por el analito de los anticuerpos enlazados al liposoma. Los mejores
resultados fueron obtenidos para las modificaciones en las que se emplearon los
sistemas SATA/sulfo-SMCC vy biotina-estreptavidina como vias de bioconjugacion.
Durante la deteccion amperométrica, se observo una amplificacion de la sefial de
aproximadamente 9 y 11 veces respecto al conjugado de anti-CEA-HRP. Se obtuvieron
limites de deteccion de 2 ordenes de magnitud menores que los obtenidos con un
conjugado anti-CEA-HRP, tomado como referencia. Ademas se evaluaron las
condiciones de ruptura de liposoma (temperatura v.s. adicion de detergente)
observandose que la ruptura por aumento de temperatura es un método extremadamente
efectivo que evita el uso de detergentes que pueden afectar sistemaza actividad de la
enzima. Los resultados obtenidos demuestran claramente el gran potencial de los
liposomas con enzimas encapsuladas como herramientas para la amplificacion de la

sefal analitica en biosensores (Geng et al, Anal. Chem. 2010).

En el Capitulo 1V, se describen diferentes métodos para la sintesis de nanoparticulas
cuya forma y tamafio son controladas por nano-liposomes y otras estructuras de lipidos

empleando los liposomas como nanoreactores o nanoplantillas.

En primera seccion de este capitulo, el acido tetraclorodurico y el mercaptohexanol
(MCH) fueron encapsulados en los nanoliposomas preparados con 1,2-dioleoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DOPG). Estos nanoliposomas fueron estudiados
como nanoreactores para la sintesis de nanoparticulas de oro en presencia de
borohidruro de sodio, empleado como agente reductor (NaBH,). Las nanoparticulas
preparadas empleando diferentes cantidades de NaBH, fueron comparadas en términos
de tamano de particula y estabilidad a la agregacion. La membrana de la vesicula actia
como barrera para el control de la velocidad de reaccion y la proteccion de las

nanoparticulas de oro de la agregacion rapida a altas concentraciones de reductor.

El glicerol es un conocido poliol empleado para estabilizar los liposomas. También ha
sido reportado como agente reductor en la sintesis de liposomas pero empleando altas
temperaturas (190 °C) para completar la reducciéon del Au(IIl) to Au(0) en la formacion
de nanoparticulas. En esta seccion del Capitulo IV, nosotros disefiamos un método

ecoldgico para la sintesis de nanoparticulas. El glicerol es incorporado en las
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membranas internas y externas de los liposomas y éstos son empleados como
nanoreactores en la sintesis de nanoparticulas de oro a temperaturas moderadas. El
glicerol, que se encuentra semi-moévil en la membrana de los liposomas, produce sitios
de nucleacion para la formacion de nanoparticulas de entre 2 y 8 nm. El tamafio de
particulas resulto dependiente de la temperatura de trabajo, la presencia del agente

estabilizador, y la concentracion de glicerol.

En la seccion final del Capitulo IV se describe la formacion de diferentes
superestructuras a partir de lipidos que poseen un centro con carga positiva y otro con
carga negativa: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) y 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) 0 cargados negativamente y con una cadena carbonada
corta como 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DMPG). Los resultados
obtenidos se discuten en funcion de la geometria del lipido y efectos de temperatura.

Se describen ademads las aplicaciones de estas superestructuras de lipidos con formas
unicas como plantillas en la sintesis de interesantes estructuras metalicas. Se obtuvieron
estructuras hexagonales, rectangulares, cintas y trenzas con potenciales aplicaciones en

catalisis y electrdnica.

El Capitulo V describe el estudio de liposomas sensibles a la temperatura en términos
de la cinética de liberacion del compuesto encapsulado a diferentes concentraciones de
calcio y suero, con el objetivo de evaluar sus potenciales aplicaciones en la liberacion
controlada de farmacos. Se estudio la integridad de la membrana de lipidos a diferentes
cantidades molares de 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE). Este
lipido incluido en la membrana de liposomas que contienen farmacos, puede ser eventualmente
utilizado para enlazar anticuerpos, mediante sus grupos aminos, facilitar la liberacion de la
molécula encapsulada. Los liposomas fueron caracterizados empleando diferentes métodos
como espectroscopia de correlacion de fotones, calorimetria diferencial de barrido y
espectroscopia de fluorescencia. Se estudio la estabilidad térmica de los liposomas preparados
con la composicion de lipidos mas estable (DPPE 3 %) en términos la liberacion de calceina
(molécula fluorescente encapsulada) a temperatures entre 35 y 60 °C. Se observo un incremento

de la velocidad de liberacion con el aumento de la temperatura.

En Capitulo VI se exponen las conclusiones generales y un plan de trabajo para el
futuro derivado de los resultados obtenidos y las potenciales aplicaciones.
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En resumen, en la presente tesis doctoral se ha desarrollo un método de preparacion de
liposomas, extremadamente rapido, eficiente y que no emplea disolventes organicos.
Las poblaciones de liposomas obtenidas resultan altamente homogéneas y estable. Se
prepararon ademas diferentes superestructuras de lipidos de una manera controlada
donde la composicion de lipidos y las condiciones del proceso son determinantes en la
estructura final del agregado de lipidos. Tanto los liposomas como las estructuras de
lipidos obtenidas fueron exitosamente empleadas en diferentes areas de aplicacion:
como agentes amplificadores de la sefial en determinaciones electroquimicas de un
marcador de cancer, como nanoreactores/ nanoplantillas en la preparacion de diversas

estructuras de oro y como vesiculas para la liberacion controlada de farmacos.
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SUMMARY

The focus of the present thesis is to develop an organic solvent-free method for the preparation
of encapsulating liposomes and their use in analytical applications, nanoreactors and template
directed synthesis of gold nanoparticles with controlled shape and size as well as their use for

controlled release of drugs.

Chapter I is the introduction which covers the general information on lipids and lipid structures

and the state of the art.

The core of the thesis, Chapter Il, is concerned with the optimization of a one-step, time
efficient method for the preparation of small unilamellar liposomes, which obviates the need for
organic solvents and the lengthy thin film preparation step. Taking into account the phenomena
of spontaneous vesiculation and curvature theory together together with critical discussions
regarding existing methods and their underlying phenomenon, a new method, coined the
“Curvature tuned preparation method” of liposome preparation is described. The method
exploits a rapid pH jump from pH 7.4 to pH 11 and instant pH drop to pH 7.4 followed by a
defined equilibration time at a controlled temperature. The method was applied to a wide range
of lipid formulations, chosen due to their characteristics (e.g type of the lipid polar group, tail

length, melting temperature), resulting in diverse nanosized liposomes.

Once the method was established; in Chapter 111, the application of enzyme encapsulating
thermo-sensitive liposomes for their use as signal enhancers in biosensor development is
described. A horse radish peroxidase (HRP) encapsulating liposome base amperometric
immunoassay was developed for the detection of carcinoembriyonic antigen (CEA), which is
one of the most commonly detected cancer marker related to several cancer types such as breast,
colon and liver cancer. Liposomes , with their huge capacity to encapsulate hydrophilic
molecules in the internal aqueous core coupled with the ease of which they can be conjugated to
receptor molecules, highlights their potential as versatile tools for signal enhancement. Enzyme
encapsulating liposomes were bioconjugated to antibodies and the encapsulating capacity of the
liposome labels, results in an enhanced signal proportional to the amount of encapsulated
reporter molecules. The success of a liposomal label is highly dependent on the bioconjugation
efficiency to the recognition element with the liposomes, and to this end, five different
bioconjugation methods based on affinity and covalent interactions were discussed in terms of

their recognition capacity, liposome morphology following bioconjugation as well as the signal
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enhancement obtained with each conjugation method studied. The best results were obtained
with biotin-streptavidin and SATA/sulfo-SMCC conjugation approaches, with 11 and 9 time
higher signals obtained, respectively, as compared to a Ab-HRP conjugate. The liposome-
antibody conjugates were compared in terms of their stability, background signal and limit of
detection. Lysing conditions (temperature vs. detergent) were evaluated, with the application of
temperature providing an extremely effective means of liposome lysis, thus obviating the need
for surfactants, again highlighting the environmental friendliness of the system. The detection
limits were two orders of magnitude lower than that obtained with the HRP-antibody reporter
conjugate, clearly demonstrating the potential of the enzyme encapsulating liposomes as signal

enhancement tools.

Chapter 1V is dedicated to several approaches for the synthesis of gold nanoparticles where
their shape and size is controlled by the nanosized liposomes and other lipidic superstructures

designed either as nanoreactors or templates.

In the first section of this chapter, chloroauric acid (HAuCl,;) and capping agent,
mercaptohexanol (MCH), encapsulating nanosized liposomes of 1,2-dioleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (DOPG) were studied as nanocompartments for nanoparticle
synthesis in the presence of increased concentration of a strong reducer, sodium borohydrate
(NaBH,), and compared to solution based synthesis in terms of the size and aggregation of the
resulting nanoparticles. The barrier effect of the liposomal membrane protecting the gold atoms
being formed from rapid aggregation at high reducing agent concentrations is discussed and

compared to bulk synthesis.

Glycerol is a known polyol, routinely used to stabilize liposomes, and has also been reported as
a reducing agent for gold to form nanoparticles requiring high temperatures of around 190 °C or
more for a complete transformation of the Au(l11) to Au(0) and nanoparticle formation. In this
section of the Chapter 1V, we designed a greener method of synthesis by incorporating the
glycerol in the external and internal membrane of the liposomes and using them as nanoreactors
for nanoparticle synthesis, and compared the nanoparticles obtained with those produced via
solution synthesis under the same conditions. Whilst, semi-mobile glycerol molecules localized
on the membrane provided nucleation sides for nanoparticle formation and ultrasmall
nanoparticles of 2 to 8 nm were obtained, where the particle size was found to be strongly

dependent on temperature, presence of capping agent and glycerol concentration.

In the final section of Chapter 1V, the formation of different lipidic superstructures from either

zwitterionic lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-

Vi
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glycero-3-phosphocholine (DPPC) or negatively charged short tailed lipid 1,2-dimyristoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DMPG) is discussed in terms of the lipid geometry and
temperature effect. The potential to exploit the diverse lipid superstructures with unique shapes
as templates for the synthesis of interesting metallic nanostructures was explored.. Twisted
ribbons, hexagonal and square shaped lipid disks were studied as templating platforms where
sodium citrate was used as a reducing agent. In the case of hexagonal and square shaped lipidic
disks, a fusion based synthesis strategy was used for exchange of reactants encapsulated in
separate populations of lipidic templates. For the ribbon lipid structures, four different
methodologies were studied including diffusion based synthesis strategies by immersing the
chloroauric acid encapsulating template either in PBS or citrate solution in PBS or citrate
encapsulating template in chloroauric acid in PBS as well as the fusion based strategy where
two populations of encapsulating templates were mixed. The lipidic superstructures were clearly
demonstrated to function as effective templates for the synthesis of metallic nanostructures such
as hexagonal disks, planar disks, twisted ribbons, as well as chain-like structures, highlighting
the applicability of the approach to synthesize a huge range of diverse nanostructures, which

would have tremendous interest in the fields of plasmonics and catalysis.

Finally, in Chapter V, thermo-sensitive liposomes with three lipid components were examined
in terms of their release kinetics at different serum and calcium ion concentrations in order to
establish their potential as encapsulating liposomes for controlled release in drug delivery. The

membrane integrity at different molar ratios of 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine (DPPE) from 0 to 6 % of the total lipid concentration was also evaluated,

where the DPPE would eventually be used to link drug encapsulating liposomes to antibodies so
as to facilitate targeted drug delivery. Several methods, such as photon correlation spectroscopy,
differential scanning calorimetry as well as fluorescence spectroscopy were used to characterize
the liposomes. Following characterization of the liposomes, the thermal sensitivity of the most
stable formulation, composed of 3 % of DPPE, was further studied in terms of the calcein
release at temperatures from 35 °C -60 °C, where an increased release rate from hours to

minutes was achieved at increased temperatures.

Overall, the presented Ph.D thesis has contributed to development of a solvent-free, extremely
rapid method for the preparation of highly homogenous populations of encapsulating liposomes.
Nanoliposomes and several other lipid structures were prepared in a controlled manner where
the lipid type and process conditions were observed to strongly influence the final structure of
the lipid aggregate. These liposomes and lipid structures were successfully implemented in three
different application areas including enzyme encapsulating liposome based signal enhancement

in biosensors for the detection of tumor markers, liposomes and lipid structures as nanoreactors

vii
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and/or templates for metal nanoparticle synthesis where the shape and size of the resulting
nanoparticles was controlled by template structure and finally characterization of thermo-

sensitive liposomes prepared with the developed preparation method for their use as controlled
release system.

viii
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GENERAL INFORMATION ON
1 1 LIPOSOMES AND LIPID MESO-

STRUCTURES

1.1.2 Lipids

Lipids make up a large and diverse group of naturally occurring organic compounds which have
an essential role in the cell membrane structure. Although there is great structural variety among
the lipids, including fats, phospholipids and steroids, they are related by their solubility in non-
polar organic solvents such as ether, chloroform and benzene, and also their general insolubility
in water (Roberts and Gabriel 1991), (Segota and Tezak 2006).

Phospholipids are one of the major groups of the four membrane lipids (glycolipids, cholesterol
and gliyceride derivatives). They are basically derived from the three-carbon alcohol, glycerol,
or from sphingosine. The common alcohol components of phospholipids derived from glycerol
are called phosphatidylserine (PS), phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG), and phosphatidylinositol (PI). They occur via the esterification of
one of the primary hydroxyl groups of glycerol to phosphoric acid through its hydroxyl group
(polar head). The two remaining hydroxyl groups of the glycerol backbone are esterified to fatty
acids (saturated or unsaturated) and form the non-polar tails of the lipid (Segota and Tezak

2006). Figure 1, shows a schematic representation of phosphatidylcholine as an example.

polar
(Hydrophilic)
head group

nonpolar
(Hydrophobic)
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Figure 1. A model of phosphatidylcholine showing one saturated (left) and one

monounsaturated (right) fatty acid ester (Alberts, et al. 2002).
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1.1.3 Liposomes and lipid meso-structures

Lipids are a particular kind of naturally occurring surfactant group that form non-covalent
aggregates in the presence of an aqueous environment like water (Tomohiro, Shoko and
Masahiko 2006). Liposomes (Figure 2) are the most known structures composed of lipids curled
into spherical shells in an aqueous environment (Vamvakaki, Fournier and Chaniotakis, 2005).
In principle they are identical to the lipid bilayers that form the cell membrane, and share many
dimensional, structural and functional properties (A. T. Bangham 1989). The lipids that make
up the cell membrane fall into four basic categories; phospholipids, sphingolipids, glycolipids
and sterols all of which possess characteristic head (polar) and tail (non polar) structures.
Phospholipids are the most commonly used in the preparation of lipid vesicles, as they are
cheap, readily available in bulk quantities and have very well established and characterized

preparation techniques.

QRLePe
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Lipid Lipid Bilayer Liposome

Figure 2: Phospholipids to liposomes

Both liposomes and cell membranes can be described by the “fluid mosaic model”, which was
proposed in 1972 by Singer and Nicholson (Yeagle 1989). According to this model the head
groups of these lipids are hydrophilic and can therefore be left exposed to the aqueous
environment while the lipid tails are hydrophobic and therefore orientate towards each other. As
a result these lipids can spontaneously arrange in concentric spheres and sheets of bilayers when
dispersed in water (Figure 2). However, they may assemble into other types of structures, so
called meso.structures (tubes, ribbons, and cubosomes) rather than vesicles under specific
conditions (Boyd, et al. 2007, Mouritsen 2005). The shape, size and other characteristics of the
resulting aggregates mostly depend on lipid geometry and chemical properties, as well as
physical conditions (e.g. temperature, pH and salinity). In addition to these properties,
attractive-repulsive forces (Derjaguin, Landau, Verwey and Overbeek (DLVO) Theory) and
thermodynamic interactions, due to the amphiphilic and ionic properties of the lipids have a role
in the vesiculation process (Mouritsen 2005). The self-assembly of lipids to vesicles relies on

two main phenomena, the theory of spontaneous vesiculation and the curvature theory,
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dominated by the physiochemical properties of the phospholipids such as lipid head group, tail
length and saturation level (Crommelin and Schreier 1994).

1.1.3.1 Phenomenon of Spontaneous Formation and Curvature Theory

Spontaneous vesiculation is a process that occurs without energy supply to the lipid dispersion
(Hauser 1989). This phenomenon can simply be explained by the study of the intermolecular
forces and also thermodynamics. Attractive forces are one of the important intermolecular
forces in vesicle formation. Hydrogen bonds between the head group and water are one of the

other important types of attractive forces contributing to the stabilization of the head groups.

Moreover, London forces, occurring via ion.dipole interactions between the charged head
groups and water, also have an effect on the stabilization of the polar headgroups (Segota and
Tezak 2006), (Tomohiro, Shoko and Masahiko 2006). In addition to the attractive forces,
repulsive forces occurring via ion.ion repulsion formed between head groups with the same type
of charge are important in vesicle formation. However, it is important to point out that the lipid
aggregation needed to form the vesicles or micelles requires attractive forces to be greater than

the repulsive forces (Ostrowsky and Sornette 1983).

Maximal hydrophopic Reduces surface area
surface

Less ordered lipids

Total entropy change dS during self assembly is >0
due to increase in bulk water entropy

Mare ordered lipids

AH water = 0 AH water = 0

AS water < 0 y AS water =0

AH Lipid >0 AG=0 AH lipid =0
—

More WdW More H-bonds

Figure 3. Entropy changes due to lipid organization

(http://biology.ucsd.edu/classes/bibc110.SU2.07/webreader/Thermodynamics.htm)
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From the thermodynamic point of the view, the driving force of the lipid self-assembly into
various supramolecular structures is the hydrophobic effect. (Figure 3) The stability of the
phospholipids within the aggregate is due to both the hydration of the polar head groups and the
immersion of the apolar residues in hydrophobic solvent (Alberts, et al. 2002, Segota and Tezak
2006). The first is an enthalpic gain in solvation due to hydrogen bond formation (potential
energy minimization) and the second is a gain in the entropy of bulk water. The hydrophobic
effect is only valid at low temperatures (e.g. room temperature) and the enthalpic component of
solubilization increases with increasing temperature. Since biochemical reactions occur mostly
around room temperature, it is assumed that the hydrophobic effect is also entropically driven
(Ostrowsky and Sornette 1983).

Under the right conditions (e.g temperature, lipid concentration), a decrease in the overall Gibbs
free energy of the system through the clustering, leads to the lipid self-assembling. Nonetheless,
these generalized self-assembly phenomena do not specify the exact relation between the
resulting structure of the aggregate and the size and shape of the cluster, and only govern the
system choice to form lipid particles in order to maximize the degrees of freedom and the
number of polar interactions of its water molecules (Nieh, et al. 2004), (Wen-Jun Chen 2003).
The resulting structure must have a water-free hydrophobic core and minimized water-soluble

surface to favor the rules of thermodynamics.

. \
y \
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Figure 4: Lipid bilayer from the point of thermodynamics (Oda, et al. 1999).
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The so called P value is a fundamental term explaining the packing geometry of the lipid
molecule. It can be defined as the ratio between the effective volume occupied by a single lipid
molecule and the length of the lipid tail (I) and head group size (a), equation 1. In spontaneous
vesiculation processes, the conformational change of the amphiphile (hydrophobic effect) raises

the P value, thus lowering the curvature.
P=Vl/l.a (Eq.1)

where, P is the packing factor, V is effective volume occupied by a single lipid molecule; (I)

length of the lipid tail and (a) head group size.

Another term Instrict Radius of Curvature defined in equation 2 is the radius of the curvature
that minimizes the elastic energy and does not vary significantly with the lipid geometry, but
rather with the factors affecting the tails, such as temperature and degree of unsaturation, as well
as with properties that lead to an an increase in the effective headgroup area (e.g., charge of the
headgroup) (Figure 4) (Gruner 1985).

1. = k (1/R =1/R0)? (Eq.2)

where, L is elastic energy, k is elastic constant, R is the radius of curvature/water interface, Ro

is instrict radius of the curvature.

If no other energies compete with ., the lipid monolayers will curl so that R = Ro to lower the
elastic energy. The tendency for lipid monolayers to bend in order to lower p, results in packed

vesicles which are energetically favored (Gruner 1985, Lasic, et al. 2001).
1.1.3.2 Parameters affecting the aggregate size and shape

Although, lipid vesicles are the most known structures of the lipid aggregates, they can also
assemble into several other meso-structures, such as tubes, cubosomes and sponge-like
structures (Boyd, et al. 2007, Mouritsen 2005). The most important factors on the shape being
formed are the chemical structure of the lipids and lipid mixtures, water content (lipid

concentration), temperature, pH and ionic strength (Ostrowsky and Sornette 1983).

The chemical structure of the amphiphile is a fundamental property affecting the final
structure of the aggregate. The term "chemical structure” includes several properties of the lipid
molecule such as shape of the molecule, the relative size and proportion of its polar and non-

polar parts, if it is flexible or rigid, charged or uncharged, short or long, branched or linear. This
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effect becomes more important in lipid mixtures since the behavior of the mixture is different to

that of the individual lipid components (Segota and Tezak 2006, Engberts and Kevelam 1996).

Water content The supramolecular organization of the lipids also depends on the water content
or in other words, lipid concentration in agqueous solution. This effect can be explained bythe
term “critical micelle concentration (CMC)" (Gurr, Harwood and Frayn 2005). Below the
critical micelle concentration the lipids form a single layer on the liquid surface and are
dispersed in solution. At the first critical micelle concentration (CMC-I), the lipids organize in
spherical micelles, at the second critical micelle concentration (CMC-I11) into elongated pipes,
and at the lamellar point (LM or CMC-III) into stacked lamellae of pipes. The CMC depends on
the chemical composition and mainly on the ratio of the head area and the tail length (Figure 5)
(Segota and Tezak 2006, Zhu, et al. 2005, Maurer, O. and Hofer, 1991).
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Figure 5. Structure of the inverted hexagonal (HII) phase, and non-lamellar phase transitions of
lipids (Seddon 1990).

Effect of Temperature Each phospholipid has a specific phase transition temperature or in
other words, critical melting temperature (Ty), which determines the phase behavior of the
lipids (Seddon 1990, Mozafari and Mortazavi 2005, Mozafari, Reed, et al. 2002). Hence the
temperature has a great effect on the thermal phase behavior of phospholipid monolayers.
Above this temperature, the lipid is in the liquid crystalline phase and is fluid. Below this
temperature, the lipid is in a gel phase and is rigid (Engberts and Kevelam 1996). The lower the

temperature, the smaller the limiting area per molecule due to the increased rigidity. This means
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that low temperature induces solid compressed or crystalline phases. As the temperature rises,
the lipid bilayer changes state from a solid state, where the fatty acid tails of the lipids are
packed together in a regular arrangement, to a liquid state where the fatty acid tails are more
free to move (Figure 6) (Engberts and Kevelam 1996, Seddon 1990).

HEAT

Gel phase Liquid crystal phase

Figure 6: Phase transition of the lipid layers

Effect of pH and ionic strength pH and ionic strength affect the phase behavior of lipid
monolayers due to the effect of mobile ions interacting with the fixed charge on the head group
of the surfactant. (M. Mozafari, 2005, Hauser and Gains, 1982). The surface potential of a
monolayer is influenced by the nature of the polar head groups in the interface. Essentially three
components of the phospholipid head group effect the surface potential: (1) the molecular dipole
of the head group, (2) the molecular dipole of the ester bond carbonyls, and (3) the charge-
charge interaction of the zwitterionic structure (Hauser, et al. 1990) To increase the surface
potential of the individual clusters is a known procedure in order to maintain the stability of the
lipid clusters (since they are thermodynamically unstable), since higher surface potential result

in higher repulsive forces and less aggregation (Lasic, et al. 2001).

Buffer solution In chemistry and biology, a buffer is a substance that minimizes changes due to
pH adjustment. In liposomology, they are used to suspend liposomes (Seddon 1990). It is well
known that biological processes depend on the salt concentration and the properties of the
buffer. The maintenance of the cell membrane and the mass transfer through the membrane are
some of the many examples of the use of buffer in nature. Dispersion forces are the forces that
serve in the electrodynamic fluctuation of the biological systems and depend on the
polarisability of each ion and are thus, very ion-specific. It is known that in high salt buffer

systems, the electrostatic forces dominate owing to the high dispersion forces (Seddon 1990). In



UNIVERSITAT ROVIRA I VIRGILI
ENCAPSULATING LIPID STRUCTURES: PREPARATION AND APPLICATION IN BIOSENSORS, NANOPARTICLES SYNTHESIS AND
CONTROLLED RELEASE

Rukan Gencg

ISBN:9788469432372 /DL: T. 1046-2011

addition to this, the salinity of the environment and the presence of the additional counter-ions
induce the formation of lamellae through the low head group hydration and cross-sectional
headgroup area due to the increased counter-ion binding. (Engberts and Kevelam 1996, Lasic, et
al. 2001).

Lipid asymmetry Lipid asymmetry is one of the important parameters that drives the lipid
layer to bend in order to form vesicles by increasing the P value of the system to 0.5 - 1.0
(Lasic, et al. 2001). The use of a mixture of short and long tail lipids, detergents and single tail
lipids in an appropriate ratio as well as the use of oppositely charged lipid mixtures moderates
the fluidity and transition temperature of the bilayers (Segota and Tezak 2006). Liposomes or
other supramolecular structures formed by lipids are thermodynamically unstable due to the
transmembrane gradient. An asymmetric distribution of the lipids through the lipid bilayer leads
to a compensation effect on this gradient and results in a high homogeneity of the liposome
population (Lasic, et al. 2001).

1.1.4 Liposomes: Classification, Preparation and Applications

1.1.4.1 Classification of liposomes

Liposomes can be classified into a number of different categories based on their structural
properties and composition. In research, various vesicle structures and lipid compositions have
been studied to identify the optimal type of liposome for a particular application (Crommelin
and Schreier 1994, Gupta 2006). Liposomes can differ from each other in their size and physical
morphology depending on their lipid composition and preparation method, where prepared
liposomes can be composed of one or several lipid bilayers. Unilamaller liposomes are
classified according to their size, for example, small unilamellar vesicles (SUV) have a diameter
of twenty to one hundred nm, while the larger unilamellar vesicles (LUV) are over one hundred
nm in diameter and intermediate sized unilamellar vesicles have a size distribution between one
and two hundred nm. The largest of the unilamellar vesicles are the giant unilamellar vesicles
(GUVs) with a diameter of one to one hundred um, and are mostly used as model systems to
study properties of living cell membrane. All of the LUVs have had pharmaceutical applications
however it is the smallest SUVs that are the most commonly used. This is due partly to their
small size which facilitates their size-selective cellular uptake into cells as well as their size
dependant accumulation in areas such as the brain and spleen (Harasym, Bally and Tardi 1998,
Nagayasu, Uchiyama and Kiwada 1999, Poznansky and Juliano 1984, Patil, Rhodes and
Burgess 2004, Mamot, et al. 2003, Maestrelli, et al. 2006, Banerjee 2001). In addition to these
unilamellar liposomes, other larger liposome structures are also possible. These structures

include multilamellar, oligolamellar and multivesicular vesicles. In contrast to the unilamellar
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vesicles, which are composed of a single bilayer, these larger vesicles are composed of many

layers.

Liposomes can capsulate diverse type of hydrophilic molecules inside the aqueous core and
hydrophobic ones through the lipid membrane due to their amphiphilic character. Those
encapsulating liposomes have potential use in several applications requiring a versatile carrier
system, such as drug delivery applications, gene therapy, cosmetics and so on. These liposomes
with large encapsulating capacity can also be classified by their response sensitivity to their
environmental changes such as pH and temperature gradients (e.g. pH-responsive, temperature
sensitive liposomes), as well as a spontaneous response when the mobility of the bilayer is
altered (e.g. target sensitive liposomes), and they become unstable and spontaneously release
their contents when they faced to the necessary conditions such as pH changes (Leroux 2004),
or temperature changes (Needham and Dewhirst 2001). These types of liposomes are often used
for the delivery of macromolecules to the site of interest in drug delivery (Leroux 2004, Huang
1994).

Figure 7: Classification of liposomes
1.1.4.2 Preparation Methods

Several methods of liposome synthesis have been described in the literature. These methods
include dry lipid films or emulsions as well as those involving the use of micelle-forming
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detergents or the principles of solvent injection (Figure 8). Despite the vast amount of literature
on the subject a fully defined system that results in liposomes of high homogeneity and high
stability is still required.

SUV LUV GUV

* Sonication

* Extrusion

* High-pressure
homogenization

* Freez-thawing
» De-rehydration
* Extrusion
* Detergent

* De-rehydration

* Electroformation

* Solid-film
hydration

. Th'\n—ﬂl_m ‘ » Detergent dialysis * Detergent
hyd;atldon dialysis * Reverse dialysis
metho * Reverse evaporation

evaporation
* Heating method
* pHjump method

Figure 8: Common preparation techniques for different types of liposomes, categorized by

lamellarity and size range (Jesorka and Orwar 2008).

Bangham thin film hydration The first of these methods was described by A. Bangham and
colleagues in 1965 (Bangham, et al. 1965). This method, which is known as the thin film
preparation/hydration method, is based on the preparation of a thin film of lipids on a glass
surface, typically the surface of a round bottom flask connected to a rotary evaporator (Figure
9). In this method lipids are firstly dissolved in an organic solvent, such as chloroform or
methanol, and are then dried by the evaporator. Alternatively, this step can be carried out at low
pressure for many hours in the presence of a neutral desiccant (Jesorka and Orwar 2008).
Following drying the lipid film is rehydrated in excess of aqueous media such as buffer, which
in the case of encapsulating liposomes, usually contains the molecules to be encapsulated. As a
result of this method, a highly heterogeneous population of MLVs, SUVs are obtained and it is
necessary to include an additional, and often, lengthy step, to provide homogenously dispersed
liposomes. Some of the most commonly used techniques, particularly for encapsulating

liposomes, are sonication, freeze-thaw and extrusion.

10
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Rehydration

Evaporation of
Organic Solvent =

Lipids Dissolved in
Organic Solvent

Multiamellar
Vesicules (MLV)

Figure 9: Bangham Thin Film Method. (http://www.encapsula.com/)

Size Reducing and Homogenization Methods

Prepared MLV vesicles via thin-film preparation method requires further sizing and
homogenisation methods in order to obtain liposome populations with certain lamellar

properties and size (Figure 8): Some of those methods are:

Sonication is a simple method of preparing SUVs. The most common sonication method
involves treating hydrated vesicles with titanium tipped sonicator probe for several minutes. The
resulting vesicles are then passed through a membrane filter to remove any residual titanium
particles. However, this method often results in liposomes of irreproducible homogeneity which
is partly due to the incontrollable process conditions. Additionally, the high energy input
required in this method often results in damage of the encapsulated material (Richardson, Pitt
and Woodbury 2007).

Extrusion The extrusion method for homogenisation of re-hydrated liposomes results in the
generation of unilamellar liposomes of uniform size (Berger, et al. 2001). However this is not an

easy method to scale up. In this method previously prepared MLVs are subsequently forced

11
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through polycarbonate membranes of decreasing pore size at elevated temperatures higher than
lipid melting temperature (Ty;). This procedure is commonly repeated five to fifteen times until
vesicles of the desired size are obtained (Jesorka and Orwar 2008). Typical sizes of liposomes
obtained for the extrusion through 100 nm pore size are changes in the range of 120-140 nm
depending on the lipid composition (Lasic, 1997).

Hydration-dehydration This is a rapid method for the preparation of liposomes, typically
requiring minutes to produce unilamellar vesicles in high yields. However, this method results
in mixtures of multilamellar as well as giant unilamellar liposomes. The first step in this method
is to obtain a dry lipid film, which is subsequently exposed to an aqueous medium. Due to the
presence of the buffer salts within the lipid film, an osmotic pressure gradient is created, which
forces water between the individual bilayers. This causes the lamellae of the lipid film to
separate and form liposomes (Kirby and Gregoriadis 1984). The degree of lamellar separation is
a critical factor that affects the formation of liposomes. This degree of separation is influenced
by a number of factors such as lipid composition and it has been observed that the inclusion of
negatively charged lipid molecules can enhance the separation of the lipid film. (Jesorka and
Orwar 2008).

“pH jump” method The so called “pH jump” method, first described in 1982 by Hauser et al,
is a relatively rapid method for the preparation liposomes, particularly small unilamellar
vesicles, SUV (200-600 A) (Hauser and Gains, 1982). This method involves a rapid change in
buffer pH which effectively breaks MLVs previously prepared using the thin film method, into
the more desirable SUVs (Figure 10).

MLV s after Mixture of large
Thin-film method and nanoliposomes

Figure 10: Hauser’s pH-jump Method

12
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However, this procedure must then be followed by separation of the SUVs from any remaining
MLVs and LUVs. This separation generally requires size exclusion chromatography (Lundahl,
et al. 1999). However, there are again disadvantages associated with this method, such as
heterogeneous population of SUVs (around % 40 of the total population) with larger liposomes
requiring post homogenisation steps (e.g extrusion), use of organic solvents, and much research
has gone into improving this particular method of liposome formation; however, these improved
methods require thin film formation which is a lengthy process (Hauser, Henry and Hector,
1990), and little effort has gone into improving the homogeneity of the liposomes produced. As
a result there is still a need for a well-defined procedure which results in liposomes of high
homogeneity and stability.

One-step SUV Preparation by Heating Method Mozaffari’s heating method is a solvent free
method where glycerol is used as dispersant agent, which facilitates the homogenous
solubilization of lipids and encapsulated materials as well as stabilise the liposome membrane
by interacting with the lipid polar head group, and the use of heat as the driving force for the
formation of SUVs (Mozafari and Mortazavi 2005). The system is modified depending on the
lipids used in the formulation, for example; when cholesterol or any other sterol is integrated in
the system liposome preparation takes places at temperatures >120 °C (Figure 11) and in the
absence of cholesterol or related sterols, the lipids and the material to be encapsulated would be
heated to a temperature around 60-70 °C depending on the melting temperature of the lipids
used (Mortazavi, et al. 2007).

Hydration of Lipid
Constituents (1-2 hrs, RT)

Glycerol

h 4

Heating and Stirring
the Lipids (< 120 °C)

Formation of Liposomes

Figure 11: Lipoplex (DNA carrying liposomes) preparation using heating method (Mortazavi,
et al. 2007).

13
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In this method, encapsulated material can be incorporated into the nanoliposomes using three
approaches: i) direct addition of the material to be encapsulated to the lipids in glycerol and
buffer mixture and heating; ii) addition of the material to be encapsulated to a lipid solution in a
glycerol-buffer mixture that has already been heated to a temperature above the melting
temperature of the lipids; and iii) primarily preparing the nanoliposomes, and subsequently
incorporating the material to be encapsulated e.g. plasmid DNA with Ca®*" ions to obtain
liposome- Ca®*-plasmid complex, where Ca®* is used as mediator (Mouritsen 2005, M.
Mozafari, 2005) (Mortazavi et al, 2007). Whilst this is a very attractive, direct and solvent free
method, resulting in highly homogenous liposomes, the temperatures used are high and could
denature or affect the activity of protein molecules to be encapsulated e.g. enzymes.

1.1.4.3 Applications

1.1.4.3.1 Analytical applications: Signal amplifiers in biosensors

A biogsensor: is “a chemical sensing device in which a biologically derived recognition entity
is coupled to a transducer, to allow the guantitative development of some complex
biochemical parameter™.
(Ahujaa et al. 2007)
An electrochemical biosensor is “a self-contained integrated device, which is capable of
providing specific gquantitative or semi-quantitative information using a biological
recognition element (biochemical receptor) which is retained in direct spatial contact with
an electrochemical transduction element.” (IUPAC)
(Thévenot, et al. 1999)

Biosensors can be further classified as: (i) conductimetric, (ii) amperometric, and (iii)
potentiometric based on the parameter measured and as (i) catalytic or (ii) affinity sensors based

on the recognition mechanism.

A widely reported class of biosensorusing biocomplexing receptors are based on
immunochemical reactions where the affinity betweenan antigen (Ag) and a specific antibody
(Ab) is exploited. Enzymes are linked to antigen (competition) or secondary antibody
(sandwich) and the amount of antigen is quantified by measuring the enzymatic activity via
measuring electrochemically, optically or fluorometrically (Thévenot, et al. 1999). In the case of
immunoliposomal biosensors, reporter molecules are encapsulated within a liposome

microenviroment attached to the antibody or antigen. (Edwards and Baeumner 2006).
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Liposomes can be linked to antibodies using several methods including covalent and non-
covalent bioconjugation techniques, which can be chosen depending on the chemistry of the
ligand and the phospholipid used in the formulation (Martinkova, et al. 2009). Thousands of
enzymes can easily be encapsulated into the aquatic core of a signal vesicle or immobilized on

its external surface,.

The first liposome based immunosensor was reported by Haga et al. in 1980 for the detection of
theophylline, where the detection is based on the use of target sensitive liposomes where their
lysis is induced by the binding of anti- theophylline antibody conjugated on the liposome
surface with theophylline, and resulting in the release of encapsulated enzyme. Oxygen
depletion, which is proportional to the theophylline concentration, was recorded
amperometrically on oxygen permeable teflon membrane which is immersed in the analyte
solution. With this separation-free detection method, an incremented sensitivity over existing

enzyme immunosensor and spin membrane immunoassay was reported (Haga, et al. 1980).

Ho et al., used calcein encapsulating liposomes as biolabels the detection of biotin using an
immunoaffinity chromatographic biosensor based on the competition between the
carboxyfluorescein (CF) encapsulating, biotin-tagged liposomes and biotin for a known number
of binding sites of antibodies, which were previously immobilised on sepharose beads packed
into a tubular column. Measurement of the CF amount released from the lysed liposomes via
methanol was used for the indirect quantification of biotin with a detection limit as low as 5.0
pg/mL(Ho and Hung 2008).

Vamvakaki and Chaniotakis reported a fluorescent-based biosensor for pesticide detection (with
a LOD down to 10" M) using a pH-sensitive fluorescent agent and enzyme encapsulating
nanoliposomes where, mimicking the living cell membrane, the liposome membrane was
engineered via the integration of porins on the membrane. The porins were used to facilitate the
diffusion of Acetylcholine substrate into the liposomal core. Biocatalytical hydrolisis of the
Acetylcholine produces choline and acetic acid which leads to a pH decrease and the consequent
enzyme inhibition was measured by measuring the pH change which is directly related to the
enzymatic activity so the analyte concentration with a detection limit of 107" M of pesticide
(Vamvakaki and Chaniotakis 2007).

Alfonta et. al. implemented biotin-capped, horseradish peroxidase (HRP) encapsulating

liposomes as a reporter probe for antigen-antibody immunorecognition or sensing of
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oligonucleotide-DNA hybridisation using a two-step detection method by the use of impedance
spectroscopy and chronopotentiometry. In the first step, binding of the liposomes to the
interface alters the interfacial properties of electrode due to the microenviroment of the
liposomes, and subsequent precipitation of insoluble product by HRP enhances the primary
detection of the analyte, achieving a detection limit of 6.5 x 10™* M of DNA with current design
of biosensor (Alfonta et al. 2001).

Another type of liposome based immunoassay was described by Durst et al., 1993 for the
herbicide alachlor detection in short periods of time at low concentrations. The detection system
was based on competition between an alachlor-tagged, dye-containing liposome and alachlor in
the sample, subsequent to their migration through an anti-Alachlor antibody zone.
Quantification of the analyte concentration of alachlor was measured via the quantification of
unbound liposomes that migrated to a liposome capture zone either visually or by densitometry,
where the alachlor concentration in the sample is proportional to the measured concentration of
liposome-entrapped-dye (Durst, 1993), (Siebert, 1993).

Those are some examples of the potential of using encapsulating liposomes for an enhanced
signal and sensitivity and a subsequent decreased limit of detection due to their capacity to
encapsulate a wide range of reporter molecules into the large aquatic core or external surface,

and their flexibility providing facile conjugation with antigens or antibodies.

Nanoreactors/Templates for Synthesis of Metal Nanoparticles

Recent developments in the field of metal nanoparticles with diverse shapes (cubes, disks,
tubes, and stars) and size have led to enormous interest in their use for electronic, catalytic,
optical and sensor technologies (Eustis and El-Sayed 2006). Today, there are variety of
chemical and physical preparation methods, such as colloidal crystallization, monolayer
deposition, multilayer casting, molecular crosslinking, the use of complementary interactions
and the synthesis of nanoparticles in patterned etch pits, offering nanoparticles with several
shapes and unique properties; however, there are very few techniques that allow the control of
the shape and the size of the resulting nanoparticles (Shenton et al. 1997). An example of a
technique that addresses the requirement for shape controlled synthesis of nanoparticles is
template directed synthesis, a simple and cost effective method, where the template material is
used as a pattern for the generation of nanostructures assembled via the template geometry
where increasing information is becoming available on the template directed synthesis of
nanoparticles of controlled shape (Simmons, et al., 2002). Despite the fact that, nanoparticle

shapes and properties to be achieved by template directed synthesis is limited only by
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imagination, it is still a challenging topic, since the question of the relation between the template

shape and the geometry of the resulting particles is not yet clear (Simmons, et al., 2002).

Shenton et al. reported the preparation of organic-inorganic nanotubes patterned by the tobacco
mosaic virus in a hollow tube shape with charged amino acid residues on the internal and
external surfaces, providing various nucleation sides for the deposition of nanoparticles being
synthesised (Shenton 1999). Sun et al performed a series of studies using solid metals, which
can later be converted into soluble species, as templates for the production of hollow
nanostructures with several shapes (triangular, cube, tubes and so on) by a replacement reaction
(Sun, Mayers and Xia 2002). In another study, the wire-like self-assembly of cadmium sulfide
(CdS) was generated on the core of the amphiphilic polymer brushes (Zhang, et al. 2008).

Apart from these solid inorganic and biological templates (e.g. DNA, viruses, polymers and
diatoms) as well as reverse micelles, liposomes are suitable candidates for the design of
submicron sized reactors for their use as templates for the 2D and 3D organization of inorganic
materials. There are several recent studies on liposomes as reactors. Spherical nanoparticles
were synthesized in gigantic or small unilamellar liposomes where the particle size is controlled
by the reactor volume, however, to date; there have been very few reports on the use of other
types of lipid based structures as patterns for metallic nanoparticle synthesis, with atoms being
assembled in a shape directed by the template geometry.

Yang et al, reported highly efficient method resulting in nanoparticles in the size range of 4 nm
or 50 nm depending on the strategies used for the exchange of the liposomal content. Two
strategies were discussed for the exchange of the encapsulated reactant: (i) electrofusion driven
vesicle fusion, or (ii) use of nanotubes as channels to connect two liposome populations

encapsulating either reducing agent or metal salt (Yang et al. 2009).

In an earlier study by Chow et al., lipidic nanoreactors, in which palladium is incorporated as
catalyst, were used for the synthesis of nanosized Au particles where Au(lll) reduction by
membrane bound Pd catalysts which facilitated the reduction of Au ions by hypophosphite, and
resulted in heterogeneously distributed population of mostly multiply twinned particles (Chow,
et al. 1996).

In another study reported by Korgel and Monbouquette, phosphatidylcholine vesicles were
demonstrated as nanoreactors for the synthesis of various type nanoparticles from CdS, Zn,Cd,.
yvS, and HgyCd,.,S as well as core—shell alloys of CdS—HgS and CdS—ZnS nanocrystals within
the vesicle core by addition of cations and sulfide to build layered particles. Those particles with
tunable size and compositions showing absorbance and luminescence features are providing

promising income for the state of the art (Korgel and Monbouquette 2000).
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In addition to use of liposomes as nanoreactors, there are few other reports on the use of other
lipid structures. For example, phospholipid tubes, which are used as templates for the
formationof patterned arrays of gold nanoparticles (Burkett and Mann 1996). In addition to the
tubes, Meister et al reported a study on 1D alignment of AuNPs (5 nm diameter) onto the
helically structured nanofibres of self-assembled bipolar phospholipids (Meister, et al. 2008).

Despite the fact that lipid structures providing quite versatile tools for the size and shape
controlled synthesis of nanoparticles with their capacity to encapsulate various hydrophilic
materials in the internal core or absorbed on the external lipid bilayer, methods resulting in
different shapes of lipid structures in a controlled manner are required for revealing their full
potential as templates.

Liposomes in controlled release of drugs

Drugs used in the treatment of diseases such as cancer usually have a narrow therapeutic index
(Hacker, Messer and Bachmann 2009). Although, there are many approved and developmental
drugs which are well-tolerated, there are still numerous drugs that need advanced delivery
technologies to improve pharmacokinetics, decrease toxicity, and also increase tolerability and

ultimately enhance the therapeutic index.

The toxicity of these drugs may be minimised by the application of drug carrier systems
(dendrimers, liposomes, polymers, micelles) (Zhang, et al. 2008). Moreover, surface
modification of these carriers by the addition of a targeted ligand (antibodies, peptides, proteins,
vitamins) can enhance the selective uptake of drugs to target tissues or cells, thereby minimising
non-specific binding to non-target tissues and cells whilst significantly altering the bio-

distribution of the drug away from drug sensitive normal tissues and cells.

The concept of site-specific drug targeting was first proposed by Paul Ehrlich in 1906 (Ehrlich
1906). Since then, there have been an enormous number of studies to develop systems to meet
the objective of delivery of the right drug at the right time to the right cell. In other words, what
is needed is a vehicle capable of carrying the cytotoxic agent, at highly concentrated levels, to
the targeted tissue or site in order to provoke maximum damage to the tumour cells whilst
sparing the normal cells. Monoclonal antibodies being naturally target-specific are the most
general targeting ligands used to modify the carrier system for drugs. Several different routes of
administration are available in the design of drug delivery systems, such as oral, intravenous,
intraperitoneal, nasal, direct injection, and transdermal. However, in most cases, the best way is

to utilize the natural distribution method of the body itself, which is the vascular system. Each
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route has a large number of physiological barriers and is a very important parameter in the
design of the carrier system. To develop an efficient drug delivery agent, one should first give
attention to: 1) the desired site of action of the drug, 2) the route of the drug administration, and
3) the barriers that the drug must pass before reaching the right place at the right time, 4) the
sites that the drug should avoid (e.g. tissue/cells sensitive to drug, or physiological
environments that may damage the carrier, such as the high pH in the stomach or the low pH of
the intestinal organs) (Karsa and Stephens 1996).

After the consideration of the route and the barriers for drug delivery, the critical parameter is
the carrier system. Liposomes are one of the most attractive carrier materials due to the
amphiphilic nature of the lipids, and liposomes have the capacity to encapsulate a huge number
of water-soluble substances in their aquatic core, as well as oil-soluble substances among the
lipid bilayer. Besides this, being a natural product and being easily modified (e.g. via targeting
agents such as antibodies for targeted drug delivery), liposomes have seen enormous, increasing
interest as carrier and encapsulation material since their discovery by Bangham in 1965
(Bangham, et al. 1965)(Chonn and Cullis 1995), (Medina et al. 2004), (Oku and Namba 1994)
and there are growing numbers of proven and commercially available lipid based drug carrying
systems such as AmBisome ® , Visudyne ®, DOXIL ® and DaunoXome with highly improved
entrapment of soluble compounds as well as liposomal vaccine adjuvants (e.g Inflexal ®) (Li

2006).

A lowered cytotoxicity, higher encapsulation capacity and maintenance of the active component
in their aqueous microenvironment, and possibility of formulating sensitive liposomes with
environmentally triggered release kinetics, liposomal carriers are attracting great interest of the

market with growing numbers of products under clinical development.
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1.2 Concluding Remarks

Lipids can form diverse types of structures and liposomes are closed structures formed by the
self-assembly of lipids into bilayers, which further curl into vesicles due to several physical and
chemical phenomena including spontaneous vesiculation phenomenon and curvature.
Liposomes are currently being successfully used in several areas of chemistry, medicine, and
biotechnology due to their capacity to encapsulate molecules in their cavity or through the lipid
bilayer. Analytical applications of liposomes are mainly in the areas of sensors, and
immunoassays exploiting the signal enhancement due to the capacity of liposomes to
encapsulate huge amounts of signal elements as well as their facile modification using non-
covalent and covalent bioconjugation methods taking advantage of the chemistry of polar head
groups of the phospholipids. Furthermore, liposomes are often used as drug carriers for the
targeted delivery of encapsulated active compounds to the site decreasing drug uptake from
normal cells and tissues minimising non-specific binding to non-target. Liposomes and other
lipid base nanostructures such as tubes, cubosomes and planar bilayers are of increasing interest
for their use in micro- and nanoreactors, as well as for the template directed synthesis of

metallic nanoparticles of controlled morphology.

Whilst liposomes have tremendous potential in a wide range of applications, to date the
laborious techniques required for the preparation of homogenous encapsulating/non-
encapsulating liposomes, as well as their subsequent stability, has limited the wide-spread use of
liposomes. In this direction, the present thesis is a contribution to the development of a rapid
and efficient method of liposome preparation, and explores different applications of the

liposomes demonstrating the versatility of the method.
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1.3 Objectives

The overall objective of the present doctoral thesis is the development and optimization of a

one-step environmentally-friendly method for the preparation of encapsulating liposomes and

their application as signal enhancers in biosensor development, as nanocompartments for metal

nanoparticle synthesis as well as their application in controlled release systems for drug

delivery.

The thesis has the following specific objectives:

Evaluation of different optimization parameters for the development of an organic
solvent-free method of liposome preparation taking into account physical mechanisms
and the phenomenon of spontaneous vesiculation and its implementation to various

lipid types in order to demonstrate the versatility of the optimized method.

Design of a surfactant free liposome based amperometric immunosensor system with
enhanced signal and sensitivity and improved limit of detection for the quantification of
carcinoembryonic antigen (CEA) using horseradish peroxidase (HRP) encapsulating

bioconjugated thermo-sensitive liposomes.

Evaluation of different reducing agents (such as sodium borohydrate and glycerol) and
operation conditions for the preparation of gold nanoparticles using liposomes as

nanoreactors.

Study of the application of lipid superstructures with different shapes (hexagonal and
rectangular lipid disks and twisted ribbons) for the controlled synthesis of gold
nanoparticles of controlled morphology.

Evaluation of the basic properties of thermo-sensitive liposomes with changing lipid
composition, such as membrane integrity, morphological properties, size, stability in
serum proteins and temperature-triggered release mechanisms for use as a controlled

release system in drug delivery applications.
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1.4 Articles resulting from PhD studies

VI.

Curvature tuned preparation of nanoliposomes.

Rukan Geng, Mayreli Ortiz, Ciara K. O’Sullivan. Langmuir, 2009, 25(21),12604-12613.

Signal-enhancing thermosensitive liposomes for highly sensitive immunosensor

development

Rukan Geng, Deirdre Murphy, Alex Fragoso, Mayreli Ortiz, Ciara O’Sullivan, Anal. Chem.,
2011, 83 (2), 563-570.

Using Biotechnology in the laboratory: Using an immobilized-laccase reactor-system

to learn about waste water treatment

Rukan Geng, Susana Rodriquez, Biochemistry and Molecular Biology Education, 2009, 37,
182-185.

Diffusion driven size controlled synthesis of gold nanoparticles: nano-sized liposomes

as mass transfer barrier.

Rukan Geng, Mayreli Ortiz, Ciara K. O’Sullivan, Article in Progress (will be submitted to
Chem. Comm.)

Green synthesis of gold nanoparticles using glycerol incorporated nanoliposomes.

Rukan Geng, Gael Clergeaud, Mayreli Ortiz, Ciara K. O’Sullivan, Article in Progress (will

be submitted to Langmuir)

Template directed synthesis of gold nanostructures using lipid nano-structures.

Rukan Geng, Gael Clergeaud, Mayreli Ortiz, Ciara K. O’Sullivan, Article in Progress (will
be submitted to ACS Nano)
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VIl.  Three-component thermo-sensitive liposomes: size, membrane integration and
stability.
Rukan Geng, Mayreli Ortiz,