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Resumen

Resumen

A pesar de todo el esfuerzo invertido en la investigacion del cancer y
aunque se han conseguido numerosos avances, en la mayoria de los casos se
contintian usando terapias convencionales como puede ser la quimioterapia. El
mayor inconveniente que presenta este tratamiento, ademas de la baja solubilidad
en medio acuoso de muchos farmacos antitumorales, es la inespecificidad en su
suministro, afectando indiscriminadamente tanto células sanas como cancerigenas,
de modo que los pacientes sufren una gran cantidad de efectos secundarios. Con el
avance de la nanotecnologia y su aplicacién en la medicina, han surgido nuevas
oportunidades y se han desarrollado distintos sistemas a escala nanométrica que

mejoran la liberacion intracelular de los farmacos que transportan.

En este contexto, las nanocapsulas lipidicas presentan una elevada
capacidad para encapsular y transportar farmacos liposolubles en su nucleo oleoso
que se protege del exterior mediante una corteza compuesta por fosfolipidos, otros
surfactantes y moléculas con grupos funcionales que afiaden una alta versatilidad en
cuanto a la modificacién supetrficial permitiendo la vectorizacién del nanosistema.
De esta forma, el objetivo principal de esta tesis ha sido el desarrollo de
nanocapsulas lipidicas con distintas caracteristicas superficiales que sean capaces de
transportar farmacos liposolubles. Adicionalmente, se han puesto a punto dos
estrategias de vectorizacion superficial diferentes, una de ellas mediante acido félico
y la otra mediante anticuerpos monoclonales. Todos los nanosistemas sintetizados
han sido caracterizados fisico-quimicamente para comprender en profundidad el
comportamiento de estas nanocdpsulas en condiciones fisioldgicas simuladas y se
han realizado ensayos 7 vitro utilizando distintas lineas celulares tumorales y sanas
para para analizar su captacion celular y estudiar el efecto citotoxico de los farmacos

encapsulados.



Abstract

Abstract

Despite all the effort made in the field of cancer research and although
many advances have been achieved, in most cases conventional therapies, including
chemotherapy, are still the choice. The main disadvantage of this treatment, in
addition to the low solubility of many antitumor drugs, is the lack of specificity
when they are supplied, affecting indiscriminately both healthy and cancer cells, so
the patients suffer many side effects. Progtress in nanotechnology and its application
in medicine have provided new opportunities and different colloidal systems
capable to improve the intracellular delivery of the drugs that they transport have

been developed.

In this context, lipid nanocapsules present a high ability to encapsulate and
transport lipophilic drugs in their oily core, which is protected by a shell composed
by phospholipids, other surfactants and molecules with functional groups that add
a high versatility in terms of surface modification allowing the vectorization of the
nanosystems. Therefore the main objective of this thesis has been the development
of lipid nanocapsules able to carry lipophilic drugs, presenting different surface
characteristics. Additionally two strategies of surface vectorization have been
developed using, independently, folic acid and monoclonal antibodies. All the
nanosystems synthesized have been physico-chemically characterized to fully
understand the behavior of these nanocapsules under simulated physiological
conditions, and iz vitro assays have been carried out in different tumor and healthy
cell lines with the aim of studying their cellular uptake and the cytotoxic effect of

the encapsulated drugs.
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Chapter 1. Introduction

The term ‘“Nanotechnology” refers to the design, characterization and
application of structures, devices and systems by controlling shape and size at
atomic, molecular and supramolecular level (1). Advances in nanotechnology have
led to the development of new nanomaterials whose physico-chemical properties
differ from those of their larger counterparts due to their higher surface-to-volume
ratio. These novel properties make them excellent candidates for biomedical
applications. Nanotechnology is a new discipline of science and engineering that
has led to innovative approaches in many areas of medicine. Its applications in the
screening, diagnosis, and treatment of diseases are collectively referred to as
“nanomedicine”, an emerging field that has the potential to revolutionize individual
and population-based health this century (2). In contrast to conventional therapies,
where the basic approach is to remove diseased cells faster than healthy cells,
nanomedicine attempts to use sophisticated approaches to either kill specific cells
or repair them, one cell at a time (3). It is now possible to provide therapy at a
molecular level with the help of nanoparticles, treating diseases and adding light to

our understanding of their pathogenesis. Nanomedicine can be considered a
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refinement of molecular medicine, integrating innovations in genomics and
proteomics on the road to a more personalized medicine, so as to allow improved

treatment efficacies for many diseases.

1.1. Nanomedicine: origin and advantages over more traditional

medical approaches

The advent of nanomaterials was forecast as long ago as 1959 by Richard
P. Feynman, “the man who dared to think small” (4). Feynman proposed using
machine tools to make smaller machine tools and so on until the atomic level (5).
Nowadays, over fifty years later, nanomedicine is playing a growing part in
pharmaceutical research and development, primarily in the form of nanoparticle-
based delivery systems for drugs and imaging agents, connecting a broad range of
disciplines —engineering, biology, physics and chemistry— and leading to numerous

publications and patents (see Figure 1).
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Nanomedicine applications are grouped in three interrelated areas:

analytical/diagnostic tools, regenerative medicine and drug delivery.
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1.1.1. Nanomolecular diagnostics

Nanomolecular diagnostics is the use of nanobiotechnology in molecular
diagnostics (6) and can be termed ‘nanodiagnostics’. Nanodiagnostic tools are
developed to meet the rigorous demands of the clinical laboratory for sensitivity,

and therefore earlier disease detection and cost-effectiveness.

In a diagnostic assay usually a recognition element (eg. nucleic acid,
enzyme, antibody, receptor, tissue, cell, aptamer) interacts with a compound or
microorganism of interest and the physical property of a label (such as pH, electron
transfer, heat, potential, mass, optical properties) is used to detect this event. In
heterogeneous formats, a support might be used to immobilize the recognition
element (7). Nanostructures ate deployed either as a label or as a support. Due to
their small sizes, they can detect very few molecules in solution offering lowest
limits of detection and thereby improving sensitivity. Furthermore, conventional
labels (such as fluorescent dyes) can be immobilized on nanostructures improving
the detection signal and thus the sensitivity of the diagnostic assay. Some examples
of nanostructures as diagnostic tools that bring in marked improvements over
prevalent classical assays are nanobiosensors, microarrays, latex immunoaggregation
assays, biochips of different elements (DNA, proteins or cells) and lab-on-a-chip

devices (2).

1.1.2. Regenerative nanomedicine

Tissue engineering brings together principles and innovations from
engineering and the life sciences for the improvement, repair or replacement of
tissue/organ function. Nanotechnology has the potential to provide instruments
that can accelerate progress in the field of tissue engineering and reconstruction,

which will greatly enhance and contribute to the field of regenerative medicine (8).
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There have been great strides made in using nanomedicine to enhance the
functions of cells necessaty to regenerate a diverse number of tissues (such as bone,
blood vessels, skin, teeth, the nervous system, cornea and the heart among others).
In this context, Liu et al. explored the use of silver nanoparticles (AgNPs) on skin
excisional wound healing. The 7 vitro and 7n vivo experiments revealed that AgNPs
could increase the rate of wound closure through the promotion of proliferation
and migration of keratinocytes and by driving the differentiation of fibroblasts into
myo-fibroblast for wound contraction (9). Moreover, the mechanical function in
healed skin after treatment with AgNPs had similar elastic force, collagen
deposition, as well as collagen fibrils alignment to normal skin (10). These results
indicated that AgNPs could regulate remodeling process during skin tissue

regeneration.

Other applications of nanotechnology in regenerative medicine include the
design and development of nanomaterials to mimic extracellular matrices and form
scaffolds, an artificial extracellular matrix suitable for tissue formation, using
various materials, such as collagen, calcium sulfate and chitosan hydroxyapatite (11-
14), or superparamagnetic iron oxide nanoparticles developed to track the
migration of mesenchymal stem cells (15). These can be further modified, e.g. for
bone repair, with the addition of nanoparticles like boron, growth factors, and/or
stem cells (16-18). The vatious nano-based scaffolds acted on bone matrix to
promote recruitment of circulating stem cells, induce proliferation and eventual

differentiation into mature osteoblasts.
1.1.3. Drug delivery
Nanoparticle-based drug delivery systems present a large number of

advantages for enhancing the activity and overcoming problems associated with

traditional therapies.
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The biological activity of a substance therapeutically active (a drug)
depends, above all, on the nature of the interaction with the target tissue or organ.
The interaction occurs when the drug is in the desirable place and in the right
quantity to achieve the desired response, which means that the therapeutic agent
should be released at a specific location in the body and at a controllable speed.
This can be achieved if the active ingredient is suitably formulated prior to

administration.

Typically drugs are orally taken, because oral is the most convenient route
and usually the safest and least expensive (19), but a large number of drugs cannot
be administered by this route because the amount absorbed through the
gastrointestinal membrane is too small to produce a therapeutic effect. For these
and other difficulties, many drugs should be administered by alternative routes such
as parenteral, topical or inhaled route, among others. Parenteral route is particularly
important because it avoids many of the problems associated with oral drug
delivery because the drug directly reaches to the blood. But intravenous injection of
poorly soluble drugs may cause embolization of blood vessels due to drug
aggregation, and it often shows local toxicity as a result of high drug concentrations

at the site of deposition (20).

Often, conventional dosage forms requite repeated administration in order
to maintain the drug concentration in the blood to a level high enough to ensure a
therapeutic effect. Chronic administration may be inconvenient for the patient,
leading to poor compliance with the prescribed dosing regimen. A tool to fix this
and other problems associated with repeated administration of a drug is the medical

application of nanotechnology.



1. Introduction

The greatest advantage of nanotechnology lies in its potential to create
novel structures with enhanced abilities to translocate through cell membranes,
thereby, enhancing their delivery efficiency. The benefits of developing
nanoparticles as drug delivery systems include enhancement of pharmacological
activity (21), solubility (many drug molecules can be incorporated in the particle
matrix) (22), stability and bioavailability (designing nanoparticles with optimal size
and surface characteristics to increase their citculation time in the bloodstream)
(23), protection from toxicity and physical and chemical degradation, sustained
delivery (24), feasibility of variable routes of administration (25), facilitation of the
drug transport across critical and specific barriers (26), etc. Engineering materials
on this scale allow for novel medical therapies which are able to release the
associated drug to the target tissue in a controlled manner, improving the specificity
and resulting in decreased side effects for patients (27). Furthermore the diverse
platforms of nanotechnology can be utilized to combine different drugs into a

single nanotherapeutic agent for synergistic therapeutic benefits.

1.2. Nanoparticles for therapeutic molecules delivery in cancer therapy

Cancer is currently the third most common cause of death in the world
after heart and infectious diseases. According to the estimation of World Cancer
Research Fund International based on GLOBOCAN 2008 (the latest year available)
and the Furopean cancer mortality predictions for the year 2013, three most
common cancers among men are prostate, lung and colorectal cancer while in
women, breast, lung and colorectal cancer are the most frequent types of cancer. As
stated in the American Cancer Society in the United States in 2013 (28), the
prostate (in males) and breast (in females) cancer have the highest frequency of new
cases of cancer. Figure 2 shows the estimated data of predicted deaths by cancer in

the European Union for five leading cancer types by gender (29).
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Cancer results from a group of cells that begin to grow abnormally by
disregarding the normal division rules of cell division. Because of their uncontrolled
growth and proliferation, these cancer cells (caused by multiple changes in gene
expression) establish an autonomous tumor tissue. The main cause of cancer

lethality is the spreading of malignant tumor cells, called metastasis (30).

In cancer therapy, undoubtedly the first and the most important step is
diagnosis. In the case of patients with solid tumors, the first step of treatment is
usually the surgery, to remove cancer cells. Then, to destroy any possible remnants
of the tumor, the area should be irradiated and, at the same time or later, cytotoxic

drugs can be used to kill residual cancer cells and possible metastases.
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Figure 2. Leading cancer types for the estimated deaths by gender, A) Females B) Males.
European Union, 2013.

Conventional anticancer therapies are distributed nonspecifically in the
body where they damage both cancerous and normal cells in a state of division,

thereby limiting the dose achievable within the tumor and also resulting in
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suboptimal treatment due to excessive toxicities. Many effective drugs are
hydrophobic, or if soluble, never reach their destination. While the search for
efficacious anti-cancer therapeutics continues, it becomes increasingly clear that
nanovehicles designed to specifically accumulate in the sites of the body where they
are needed in order to improve pharmacotherapeutic outcomes, can play an
essential role to formulate effective treatment plans. The main objective of the
application of nanomedicines in cancer is to increment therapeutic effectiveness,
increasing bioavailability profiles and enabling the administration of lower doses
while obtaining lower toxicity rates and rising the quality of patient health (31).
Other objective is to overcome the development of multiple drug resistance
mechanisms that make this treatment ineffective in a high percentage of cancer

cases because cancer cells can evade the cytotoxicity (32-33).

Anticancer nanomedicines require the integration of drugs into
nanostructured drug delivery platforms. These platforms are submicron-sized
particles (10 — 1000 nm in diameter) (34), devices or systems that can be made
using a variety of materials (including polymers, lipids, viruses and organometallic
compounds, among others) (35). Moreover all nanoparticle based drug delivery
vectors must be able to both transport and release the drug to a specific location.
They can be classified by their physical form or functional properties, both of
which should be adapted to the specific needs of the drug to be delivered, and the

intended therapeutic use (30).

Even though nanomedicine is a relatively new branch of science, many
novel nanopatticle drug delivery platforms have been developed over the past three
decades. These platforms generally fall into the following categories: polymer-based
drug carriers, lipid-based drug cartiers, viral nanoparticles, carbon nanotubes,
ceramic nanoparticles, magnetic nanoparticles and metal-based nanoparticles.

Figure 3 shows some examples of drug delivery platforms.
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Polymer-based drug carriers

Polymer therapeutics have been extensively investigated as therapeutic
carriers. They encompass polymer—protein conjugates, drug-polymer conjugates
and supramolecular drug-delivery systems. Many polymers have been proposed as

drug delivery carriers, but only a few of them have been accepted into clinical

practice.

Figure 3: Examples of drug delivery platforms: A) Polymeric nanoparticle. B) Magnetic
nanoparticle. C) Liposome. D) Carbon nanotube. E) Nanoemulsion. F) Gold nanoparticle. G)

Dendrimer. H) Micelle.

Biodegradable polymers are highly preferred due to its grand bioavailability,
better encapsulation, control release and less toxic properties. Incorporation of
hydrophobic drugs to polymer chains enhances their water-solubility and changes

their biodistribution pattern (37). Mucoadhesive materials like chitosan can be used
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to increase intimacy of contact between the drug-containing polymer and cell

membranes (38).

Several types of polymer-based drug carriers have been tested as potential
drug delivery systems, including polymeric nanoparticles, dendrimers, hydrogels

and micelles.

a) Polymeric nanoparticles

Polymeric nanoparticles are engineered from biocompatible and
biodegradable polymers and they have been synthesized using various methods
based on the needs of its application and the type of drugs to be encapsulated (39).
These particles are solid matrix systems in which the drug is dispersed within the
particle or conjugated to the polymeric backbone. Polymeric nanoparticles have
been formulated to encapsulate either hydrophilic or hydrophobic small drug
molecules, as well as macromolecules such as proteins and nucleic acids. Numerous
nanoparticles are in pre-clinical or clinical development (40). For example
nanoparticles comprising of hydrophobic copolymers such as poly (lactic-co-
glycolic acid) (PLGA) and polyalkylcyanoacrylate (PACA) have been used to
coencapsulate chemotherapeutic agents and inhibitors of the Multidrug Resistance

mechanism (MDR) for delivery to various cancers (41).

b) Hydrogels

Hydrogels are hydrophilic polymer networks that vary in their structures.
The former, referred to as the first network, has a linear structure while the second
network, called latter, is a polymeric network with three-dimensional covalent
crosslinking. Covalent bonds between chains affect polymer properties and thus

make these polymers convenient for use as drug carriers in the form of micro- or
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nano-particles. They may absorb from 10-20% (an arbitrary lower limit) up to
thousands of times their dry weight in water, a property attributed to the presence
of hydrophilic groups in their structure (42). Some hydrogels possess features of
fluid transport and stimulus responsive characteristics (e.g., pH, temperature and

light) (43).

A number of synthetic hydrogels have also been studied for anticancer
drug delivery purposes. Cheng et al. prepared thermosensitive hydrogels based on
poly (y-ethyl-l-glutamate)-poly(ethylene glycol)-poly(y-ethyl-l-glutamate) triblock
copolymers (PELG-PEG-PELG) for localized and sustained delivery of paclitaxel
(PTX) in vivo. The results demonstrated that the PTX-incorporated hydrogels could
efficiently suppress the tumor growth, and did not result in obvious damage to

normal organs (44).

c) Dendrimers

Dendrimers are synthetic polymers having highly branched structure
consisting of an initiator core and multiple layers with active terminal groups. Each
layer is called a generation (the core is denoted as generation zero) and they are
formed of repeating units (45). Due to this specific molecular structure the
bioactive agents may be encapsulated into the interior of the dendrimers (46) or

chemically attached/physically adsorbed onto the dendrimer surface.

Dendrimers show increasing promise as drug-delivery vectors and can be
generated with a wide range of scaffold structures, sizes and surface functionalities.
Ren et al. have developed a poly (amidoamine) (PAMAM) dendrimer for
simultaneous co-delivery of gene therapy and chemotherapy agents. 5-fluorouracil
(5-FU) was encapsulated in the cavities of the dendrimer core via hydrogen bonds

while an antisense microRNA (miR-21) was complexed to the surface (47).
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Synchronous delivery of the two therapeutic agents was achieved resulting in
synergistic anticancer efficacy, apoptotic activity, and decreased migration ability of

the cancer cells compared to each agent alone.

d) Micelles

Polymeric micelles are formulated through a self-assembly process using
block-copolymers consisting of two or more polymer chains with different
hydrophilicity. These copolymers spontaneously assemble into a core-shell
structure in an aqueous environment. Hydrophobic blocks form the core where the
drug is carried while the hydrophilic blocks form the shell. Polymeric micelles are
usually more stable in blood than liposomes and other surfactant micelles because
some amphiphilic copolymers have a considerably lower critical micelle
concentration value. Due to such unique properties, polymeric micelles have been
well demonstrated as effective drug carriers. Wang et al. demonstrated the specific
binding to target cells (MCF-7 breast cancer cell line) of paclitaxel-loaded micelles
targeted with a MCF-7 cell-specific phage protein (48). Moreover, recently Kea and
collaborators have designed micelles loaded with both thioridazine (which has been
reported to kill cancer stem cells) and doxorrobicin, providing a promising strategy
for breast cancer treatment by targeting both cancer cells and cancer stem cells with

this combination therapy (49).

Lipid-based drug carriers

a) Liposomes

Liposomes are spherical lipid vesicles wich consist of an aqueous volume

entrapped by one or more bilayers of natural or synthetic amphiphilic lipid

molecules (50). Liposomes became one of the first nanoparticulate platforms for
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drug delivery because of their unique characteristics. They can encapsulate and
protect from external conditions both hydrophilic and hydrophobic therapeutic
agents and they can be coated with polymers and functionalized with specific
ligands to target specific cells (51). Drugs can be encapsulated in liposomes either in
the phospholipid bilayer, in the entrapped aqueous volume or at the bilayer
interface. Among the “first generation” vectors (not specifically targeted), liposomal
drug delivery is certainly the most successfully used in the clinic. Doxil®, a pegylated
liposomal formulation with doxorubicin, was the first liposomal drug formulation
approved by the Food and Drug Administration, USA (FDA) for the treatment of
AIDS associated with Kaposi’s sarcoma in 1995 (52). Today, there are some
formulations approved for clinical use and many more in clinical and preclinical

development (53).

b) Solid lipid nanoparticles

Solid lipid nanoparticles (SLN) were developed at the beginning of the
1990s by Mueller and coworkers, and Gasco and coworkers. They are particles with
a size range between 50 and 1000 nm composed of a biocompatible/biodegradable
lipid matrix made from solid lipids (i.e., lipids that are solid at room temperature
and also at body temperature) and stabilized by surfactants (54). SLN has many
advantages for drug delivery, such as good tolerability, biodegradability, amenability
to encapsulate hydrophilic and hydrophobic drugs, low cost of solid lipids as
compared to phospholipids, targeting effect on the brain and a high bioavailability

by ocular administration (55-56).

The application of SLN formulations for anticancer drug delivery has
overcome many obstacles commonly seen in conventional cancer chemotherapy.
Various anticancer drugs, including etoposide (57), methotrexate (58), and

idarubicin (59) have been incorporated into SLN and evaluated. Conventional
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administration routes (e.g. intravenous route) have shown relatively low tumor
uptake. For this reason, vatious alternative application routes, such as duodenal,

subcutaneous and pulmonary routes have been studied (60).

c) Nanoemulsions

Lipid based nanoemulsions are colloidal dispersions of oil and water which
typically possess a dispersed phase distributed within a continuous phase that is
stabilized by surfactants and co-sutfactants at the oil/water interface (61).
Thermodynamically stable nanoemulsions form spontancously with minimum

mechanical energy required.

Because our research focuses on the study of nanoemulsions with different
interfacial composition, three sections of this chapter (1.6, 1.7 and 1.8) have been

devoted to extensively analyze this system.

Virus based nanoparticles

Viruses can be regarded as living nanoparticles with a core—shell structure.
The infectious agents are in the core surrounded by a shell comprised of proteins
or proteins embedded in lipid membranes (51). They range in sizes from 10 nm to
over a micron and can be found in a variety of distinctive shapes (most abundantly
icosahedrons, spheres and tubes). They can either be isolated directly after coat
protein expression in eukaryotic cells, or assembled 7z wifro from coat protein
subunits purified from any recombinant host, from mammalian cells to bacteria

(62).

Virus-like particles offer the great advantages of morphological uniformity,

biocompatibility, and easy functionalization, and they have been extensively used

16



1. Introduction

for drug delivery, vaccines and gene therapy due to their high gene transfection

efficiency and fusogenic cell receptor-binding properties.

Oncolytic viruses are engineered to self-amplifying and replicate selectively
within cancer cells and induce toxic effects such as cell lysis and apoptosis, while
leaving normal nontransformed cells intact (or nearly so) (63). It is becoming clear
that their targeted infection of the tumor has the potential to create an
“inflammatory storm” that arouses the innate and adaptive immune responses

against tumors (64).

Carbon nanotubes

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical
nanostructure. Nanotubes have been constructed with length-to-diameter ratio of
up to 28,000,000:1 (65). CNT can be imaginatively produced by rolling up a single
layer of graphene sheet (single-walled CNT; SWNT) or by rolling up many layers to
form concentric cylinders (multi-walled CNT; MWNT) (66).

Although CNT have several unique properties, nonfunctionalized (pristine)
CNT are poorly soluble and highly cytotoxic. Their functionalization with more
soluble and biocompatible materials has been studied demonstrating that allows
enhancing solubility in water with consequent enhancement of their
biocompatibility. Functionalized carbon nanotubes have been successfully
investigated for several biomedical applications such as proteins, nucleic acids and
drug carriers (67-69). The potential of CNTs for delivery of anticancer agents might
be attributed to their exclusive physicochemical properties, especially their ability
for crossing various biological barriers without generating an immunogenic
response and toxic effects. Application of CNTs for the delivery of drugs to their

site of action has become one of the main areas of interest for different research
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groups. In this context, 7 vitro delivery of paclitaxel attached to single-walled CNT's
showed higher efficacy in suppressing tumor growth than delivery of paclitaxel
alone. This suggests that higher concentrations of paclitaxel were delivered to
breast cancer cells using SWCNT-paclitaxel conjugates in comparison with delivery
of paclitaxel alone (70). Furthermore, Liu et al. demonstrated that the control
release of the chemotherapeutic drug 7-Ethyl-10-hydroxy-camptothecin (SN38) by
SWCNTSs conjugated with antibody C225, can achieve targeted therapy against
EGEFR over-expressed colorectal cancer cells, suggesting that SWCNT could be a

good carrier for targeting therapy (71).

Ceramic nanoparticles

Ceramic nanoparticles are typically composed of inorganic compounds
such as silica, titania, and alumina (72). However, the nanoparticle core is not
limited to just these materials; rather metals, metals oxides and metal sulfides can
also be used (73). They are generally bioinert and have porous structures. These
nanoparticles have been proposed as drug delivery vehicles to carry drugs for
various cancer therapies because these particles can be easily engineered with the
desired size, shape and porosity (74-75). They present advantages including the
simple conditions required for the preparative processes and the high stability.
There are no swelling or porosity changes with a change in pH, and they are not
vulnerable to microbial attack (76). They can also be easily funtionalized by various
molecules due to the presence of negative charge on the surface. Mesoporous silica
nanoparticles of around 100-130 nanometers of diameter were loaded with
camptothecin and targeted with folic acid and a dramatic improvement of the
potency of tumor suppression (two different human pancreatic cancer xenografts

on mice) was obtained (77).
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Metal based nanoparticles

Metal nanoparticles can be synthesized in extremely small sizes of around
50 nm and thus, the large surface area provides the ability to carry a relatively
higher dose of drugs. One of the most commonly used are gold nanoparticles
(AuNPs) because they are biocompatible, easy to synthesize, characterize, and
surface modify. The presence of surface plasmon resonance (SPR) bands is
responsible for their large absorption and scattering cross-sections, which are 4 to 5
orders of magnitude larger than that of conventional dyes (78). Thus, gold
nanoparticles are new agents that are being evaluated for biological sensing, drug
delivery, and cancer treatment (79). Recently, it has been shown that AuNPs inhibit
the proliferation of cancer cells by abrogating MAPK-signaling and reverse
epithelial-mesenchymal transition (EMT) in cancer cells by reducing secretion of a
number of proteins involved in EMT. As a consequence, an inhibition of tumor
growth and metastasis in two separate orthotopic models of ovarian cancer were
observed (80). Additionally potential applications of AuNPs have been recently

studied and administrated in phase I & 1I clinical trials for cancer treatment (81).

Other typical metallic nanoparticles are core-shell magnetic nanoparticles.
They consist of a metal or metallic oxide core coated with inorganic or polymeric
shell to improve their stability and render the particle biocompatible (82). Metal
nanoparticles can be used as thermal release triggers when irradiated with infrared
light or excited by an alternating magnetic field. In magnetic drug targeting,
magnetic carrier particles with surface-bound drugs are injected into the vascular
systems and then captured at the tumor via a locally applied magnetic field. Several
studies have demonstrated application of magnetic nanoparticles for drug delivery.
Chen et al. developed a magnetic drug delivery system that may find potential
applications in cancer treatment, in which doxorubicin chemically bonded to Fe;O4

nanoparticles, were embedded in a polyethylene glycol functionalized porous silica
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shell (83). Other group used external magnets to demonstrate that gold-coated iron
oxide nanoparticles with the active component of cisplatin can be accumulated in

specific regions, and that cell growth inhibition was localised to those areas (84).

Currently many other metal-based nanoparticles, as well as various hybrid
surface-functionalized nanoparticles, are being extensively used for drug-delivery
applications, such as platinum (85), silver, and palladium nanoparticles (86-87).
Quantum dots, fluorescent semiconductor nanocrystals, have been also extensively
investigated for drug delivery and imaging (88). They combine small size, versatile

surface chemistry and outstanding optical properties (89).

1.3. Drug delivery strategies

One of the main objectives of nanomedicine is to overcome the
shortcomings of classical chemotherapy including firstly, the non-specific action of
the drugs, leading them to damage both tumor and non-tumor cells in a state of
division, and increasing the probability of adverse side effects. Secondly, the low
concentration of active substance at targeted site, resulting in poor therapeutic
effect. Therefore, it is evident the need to target the drug to the tissue or organ of

interest rather than allow free systemic circulation.
Nanotechnology offers the possibility of designing novel therapies with

greater cell specificity that act selectively on target site. This allows the

administration of smaller but more effective doses, minimizing adverse effects.
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1.3.1. Passive targeting

Passive targeting refers to the accumulation of a drug or drug-carrier
system at a specific site due to physicochemical or pharmacological factors. This
type of targeting relies on the disease pathology and the features of tumor tissues,
which may preferentially aid accumulation of a drug in target tissues and hence,
decrease non-specificity. It is commonly accepted that the vasculature of tumors is
different from that of the surrounding tissue. In comparison with normal well
organized vessels, the tumor angiogenesis results in a high vascular density,
extensive vascular permeability, defective vascular architecture, and impaired lymph
clearance from the interstitial spaces of tumor tissue, all of which improve retention

of a drug,.

Endothclial cell

—--Nanoparticle

Figure 4: Schematic representation of passive tissue tatgeting, achieved by extravasation of

nanoparticles through increased permeability of tumour vasculature (EPR effect).
The intracellular space of the angiogenic tumor vasculature is estimated to

have an average pore size of 100-600 nm, significantly larger than the spaces found

in normal endothelial cells within the normal blood vessels, which are typically <6

21



1. Introduction

nm wide (90). This differentiated structure of tumor vessels and this particular
tumor vascular permeability, known as “enhanced permeation and retention effect”
(EPR), is important in delivery of macromolecular anti-cancer agents and
nanomedicines (see Figure 4). EPR has demonstrated enhanced activity and
reduced toxicity of many anticancer nanomedicines compared with free anticancer
drugs (91-92). However, there is significant heterogeneity within and between

tumor types.

1.3.2. Active targeting. Potential targeting ligands

Paul Ehrlich suggested the concept of drug targeting a century ago and
coined the term “magic bullet”, referring to an entity consisting of two
components. The first one should recognize and bind the target, hence providing

precise transport of the drug, while the second one should provide a therapeutic

Figure 5: Schematic representation of active targeting which can be achieved by functionalizing

the surface of nanoparticles with ligands that promote cell-specific recognition and binding.
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action. Since this concept, many efforts have been made in cancer therapy with the
goal of designing targeted therapeutic agents against cancer cells (93). Active
targeting involves the use of peripherally conjugated targeting moieties for

enhanced delivery of nanoparticle systems.

Tumor cells overexpress many tumot-specific receptors because a rapidly
growing tumor requires various nutrients and vitamins. To achieve effective tumor-
specific drug delivery, nanoparticles are functionalized with targeting ligands that
bind to those receptors, which may help internalization upon binding (see Figure

5).

Other targets that are employed to achieve tumor-selective localization of
drug nanocarriers are those expressed on endothelial cells of tumor blood vessels.
The angiogenesis dependency of tumor growth is a promising target for the
development of therapies that control tumor expansion (94-95) by the inhibition of
the growth of new tumor-feeding blood vessels. Anti-angiogenesis approaches are
effective in limiting tumor growth, with the transformed endothelial cells of the
neovasculature as the main targets. Cancer cells are deprived of nutrients and
oxygen with the consequent destruction of the tumor. The main angiogenic targets,
explored by nanoparticle systems for therapeutic benefit, include the vascular
endothelial growth factor receptors (VEGERs), «vB3 integrins, matrix
metalloproteinase receptors (MMPs), and wvascular cell adhesion molecule-1

(VCAM-1) (96).
The types of ligand used to target nanosystems against cancer cells include

a wide range of synthetic and natural compounds of different chemical classes.

Some of the most widely used are monoclonal antibodies (mAb) and other proteins
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(such as transferrin), nucleic acids (aptamers), small molecules (hyaluronic acid,

folic acid) and peptides.

Monoclonal antibodies (mAb) were the first and ate still the preferred class
of targeting molecules. The first mAb to gain FDA approval for the treatment of
cancer was Rituximab in 1997, a chimeric mAb for the treatment of B-cell non-
Hodgkin’s lymphoma. Trastuzumab, in 1998, a humanised mAb for the treatment
of HER2 expressing breast cancer, quickly followed. Cetuximab, which binds to
epidermal growth factor receptors (EGFR), was approved for treating colorectal
cancer in 2004 and head/neck cancer in 2006. Bevacizumab, a tumor angiogenesis
inhibitor that binds to vascular endothelial growth factor (VEGF), was approved
for treating colorectal cancer in 2004. Recent studies have tried to encapsulate
chemotherapeutic drugs into nanoparticles and then functionalize the particle
surface with mAbs to maintain targeting efficacy (97-100). The conjugated

antibodies enhance uptake and cytotoxic potency of the nanoparticles.

Transferrin receptors are overexpressed on cell surfaces when metabolic
processes are increased. It has been reported that the membrane transferrin
receptor-mediated endocytosis of the complex of transferrin bound iron and
transferrin receptor, is the major route of cellular iron uptake via clathrin-coated
pits, with subsequent traffic to endosomal compartments. This uptake pathway has
been exploited for the delivery of anti-tumor drugs, proteins, and therapeutic genes

with successful results (101-103).

Aptamers are RNA or DNA oligonucleotides that fold by intramolecular
interactions into unique three-dimensional conformations capable of binding to
target antigens with high affinity and specificity analogous to antibodies. They have
many favorable characteristics including small size (20 to 80 bases), lack of

immunogenicity, and ease of isolation (104). The most important success of
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aptamers so far has been the development of aptamers FDA approved that are able
to bind VEGF, a protein involved in  angiogenesis  (105).
The conjugation of aptamers to drug delivery nanoparticles resulted in increased

targeting and more efficient therapeutics, as well as more selective diagnostics (1006).

Hyaluronic acid (or hyaluronan) (HA) is a linear, negatively charged and
natural polysaccharide found in the extracellular matrix and synovial fluids of the
body. It is responsible for various functions within the extracellular matrix such as
cell growth, differentiation, and migration. It has been shown that the HA level is
elevated in various cancer cells. The higher concentration of HA in cancer cells is
believed to form a less dense matrix, thus, enhancing the cells motility as well as
invasive ability into other tissues. Hyaluronic acid has been investigated as a
targeting moiety of the drug conjugates or nanoparticles for cancer therapy, because
it can specifically bind to various cancer cells that over-express CD44, an HA

receptor (107-109).

Folic acid belongs to the vitamin B family and it is not produced
endogenously by mammalian cells. It is important in the formation of new cells
because is an essential precursor for the synthesis of nucleic acids and some amino
acids. Folate requires internalization by cells via either receptor-mediated
endocytosis or a carrier-based uptake mechanism. There are two membrane bound
folic acid receptors, FR-a and FR-B. FR-« is overexpressed on a large number of
human cancers tumors including malignancies of the ovary, brain, kidney, breast,
and lung and it has a high affinity for folic acid which results in high uptake by FR
positive cells (110). Folic acid binds to tumor cells 20-times more than normal
epithelial cells or fibroblasts. Because of these attractive characteristics, folate
conjugation has become a widely used strategy for targeting drug delivery systems

(111-113).
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Peptide-based targeting of tumor-associated receptors has emerged as
potential tumor-specific chemotherapeutic agents. Peptides are attractive ligands
because high-affinity sequences can be discovered through screening of
combinatorial libraries. Cell permeating and fusogenic peptides from pathogens or
toxins and peptides, randomly derived from technologies such as phagedisplay, are
also commonly used for targeting purposes (114). Among single nuclear
localization (NLS) peptides, trans-activating transcriptional activator (TAT) peptide
has been shown to be an efficient molecule for translocating nanoparticles into cell
nuclei via the binding import receptors, importin « and 3. In a recent publication a
peptide has been used to conjugate onto mesoporous silica nanoparticles for
nuclear-targeted drug delivery of doxorubicin for the first time (115). Lipid
nanoparticles functionalized with targeting peptides are among the most often

studied (116).

1.4. Intravenously administered nanoparticles

For parenterally administered drugs, interactions with blood components,
systemic distribution and kinetics are of great importance. In a successful
intravenous treatment, therapeutic agents should pass a series of biological barriers
including hepatic and renal clearance, enzymolysis and hydrolysis, as well as cellular
uptake, endosomal/lysosomal degradation, and spleen filtration. The efficiency can
be also affected in the case of anticancer drugs by their poor solubility, low stability,

and high toxicity for normal tissues and cells.

Nanomaterial carriers are able to improve the biodistribution and
prolonged blood circulation of therapeutics, which significantly increase the
pharmaceutical efficacy, and decrease the usage dose. In vivo fate of drug on
parenteral administration is no longer determined by the properties of the drug, but

by the type of the drug delivery system.
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The filtration of blood through the kidneys effectively removes
nanoparticles with diameters smaller than 10-20 nm, and the filtration through inter
endothelial slits in walls of the splenic sinus removes particles larger than 200nm.
Liver fenestrations found in the sinusoids also temporarily remove nanoparticles
from the circulation. These blood filters suggest that the size of nanoparticles
should be no smaller than 20 nm and no larger than 200 nm if long circulation

within the blood is desired.

The mononuclear phagocyte system (MPS), comprised of phagocytic cells,
primarily monocytes and macrophages, plays a vital role in clearing the
nanoparticles. MPS has large populations taking residence in the spleen, liver and
lymph nodes. The recognition of nanoparticles by these cells is greatly enhanced
following a process called opsonization. The opsonization process is the adsorption
of protein entities capable of interacting with specific plasma membrane receptors
on monocytes and various subsets of tissue macrophages, thus, promoting particle
recognition by these cells (117), whereas the absence of opsonins in the adsorption
pattern and the presence of dysopsonins lead to the circulation of particles in the
bloodstream.  Properties such as nanoparticle size, surface charge,
hydrophobicity/hydrophilicity, and the steric effects of particle coating, can dictate

nanoparticle compatibility with the immune system.

1.4.1 Protein corona: what cells see of particles

When nanosystems are in a physiological environment, they rapidly adsorb
biomolecules such as proteins and lipids on their surface forming a protein
“corona” (see Figure 6), a biomolecular interface organization that may be loosely
divided into two components named the “hard” and “soft” coronas, with

(respectively) “long” and “short” typical exchange times. The corona will change
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composition if the nanoparticle moves to another compartment or fluid. Tenzer
and colleagues found that the corona formed rapidly after the particles had been
mixed with plasma and it could be detected already at the first measurement point

(at 30 s) (118).

This corona that is surrounding the particle changes its original surface
charge and chemistry, size, solubility, aggregation and hence, changes the dialogue
of nanoparticles with the cells, influencing the trafficking, i» »ivo biodistribution and
cellular uptake because these proteins absorbed on the surface interact with cells

through receptors on cell plasma membrane (119).

Serum
proteins

Nanoparticle-corona
complex

Nanoparticle

Figure 6: Schematic representation of protein corona developed on the surface of nanoparticles

in the presence of serum proteins.

Protein corona influences the macrophage capture. Macrophage scavenger
receptors are a broad group of phagocytic receptors that are responsible for the
elimination of blood-borne viruses, pathogens, and negatively charged ligands. For
example opsonins such as IgG, complement factors, and fibrinogen promote the
phagocytosis, removal of nanoparticles from the bloodstream and concentration in
the liver and spleen, while dyopsonins such as albumin and apolipoprotein help the

longer circulation of nanoparticles in the body (55). Human serum albumin, when
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adsorbed on the surface of polystyrene microparticles, was reported to inhibit their

phagocytosis by dendritic cells (120).

For many NPs, while removal from the bloodstream is a question of
minutes, interaction with cells of distant organs may be relevant hours or days after
exposure. Nanoparticles functionalized with hydrophilic polymers such as
polyethylene glycol (PEG) and poloxamers show improved circulation lifetime
properties and decreased macrophage recognition of many types of nanoparticle by
preventing protein absorption (121). Plasma protein absorption is influenced in the

case of PEGylated nanoparticles by the length and density of the polymer.

It has been claimed that the protein corona can covet/eliminate the
targeting moieties on the surface of nanomaterials and, thus, strongly reduces the
targeting capability and recognition of the targeting ligand by cellular receptors
(122). Therefore, understanding the interaction of cell plasma membrane and the
protein corona around nanoparticles is essential in designing nanoparticle-based

targeting drug delivery and treatments.

1.4.2. “Passports” to avoid immune system clearance

Nanoparticles can be engineered to avoid the immune system clearance
and increase the circulating half life in blood. One important reason to search for
this is to provide a long-circulating drug reservoir from which the drug can be

released into the vascular compartment in a continuous and controlled manner.

A relatively successful approach for prolonging the circulation times of
colloidal particles in the blood is to create a steric surface barrier of sufficient
density. Poloxamer and poloxamines have been investigated to reduce adsorption

of proteins and blood opsonins and thus, increasing half life of nanosystems.
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Poloxamers, also known as Pluronic®, and poloxamines or Tetronic®, are
amphiphilic nonionic block polymers of hydrophobic propylene oxide (PO) and
hydrophilic ethylene oxide (EO). Poloxamers consist of a hydrophobic central
polyoxypropylene (POP) molecule, which is flanked on both sides by two
hydrophilic chains of polyoxyethylene (POE) yielding structures of the (POE)a
(POP)b (POE)a type, as it is shown in Figure 7. Poloxamines are tetrafunctional
block copolymers with four POE-POP blocks joined together by a central ethylene
diamine bridge (123). The absorption of these molecules onto the surface of the
nanoparticles via their hydrophobic POP fragments provide stability to the particle
suspension by a repulsion effect through a steric mechanism of stabilization,
because this type of absorption leaves the hydrophilic POE extended outwards
from the particle surface in a mobile state. Nanoparticles engineered with
poloxamers and poloxamines exhibit reduced adsorption of proteins and blood
opsonins (124) and, as a result, they resist ingestion by phagocytic scavenger cells

and remain in the systemic circulation for prolonged period.

CH,4
H /{ ’{’ \/1\\01_1
POE O POE
3 POP b a

hydrophilic hydrophobic hydrophilic
Figure7: Structure of Pluronics.
Other property presented by poloxamers and poloxamines is the inhibition

of multidrug resistance (125-126). This phenomenon is the ability of tumour cells

to develop resistance to the cytotoxic effects of several chemically unrelated
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anticancer drugs, associated with the overexpression of proteins such as P-

glycoprotein and multidrug-resistance-associated protein (127).

The addition of poly (ethylene glycol) (PEG) has been widely used to
increase the circulating half life of nanoparticles and it is the preferred method of
“masking”” nanoparticles from immune recognition. This process is also known as
PEGylation (128). PEG is a linear polyether diol that exhibits a low degree of
immunogenicity and antigenicity (129). The polymer backbone is essentially
chemically inert, and the terminal primary hydroxyl groups are available for
derivatization. Surface modification of nanoparticles with PEG and its derivatives
can be performed by adsorption, incorporation during the production of
nanoparticles, or by covalently linking to the surface of particles (117). The addition
of PEG can add protein/opsonization resistance properties by preventing
interactions between the particle surface and the plasma proteins, although
adsorption is not completely avoided. Various studies have been conducted to
determine how a change in the thickness and density of a PEG coating affects
opsonization and biodistribution, showing that the extent of protein adsorption
depends on the PEG size and grafting density, suggesting conformational transition
of PEGs between mushroom and brush states when PEG density increase (130-
131).

Recent progress has shown that it may be possible to disguise
nanomaterials as “self”, avoiding the blood clearance by phagocytic cells, by using a
novel peptide sequence mimicking, the “marker of self” CD47 protein (132).

1.5. Clinical trials

The approval of drugs for human use by the Food and Drug

Administration (FDA) through the Center for Drug Evaluation and Research
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(CDER) is a time-consuming and expensive process, and approval rates are low
(133). In general, the FDA drug approval process can be separated into preclinical,
clinical and postmarketing phases. To date, there are five clinically approved
nanoparticle chemotherapeutics for cancer and many more under preclinical and

clinical investigation (53).

Liposomal anthracyclines were the first nanoparticle therapeutics approved
for clinical use. The anthracyclines (including doxorubicin, daunorubicin, epirubicin
and idarubicin) are highly effective against a wide range of cancers. Today, there are
three clinically approved liposomal formulations of anthracyclines: pegylated
liposomal doxorubicin (PLD; DOXIL in the United States, Caelyx elsewhere), non-
pegylated liposomal doxorubicin (NPLD; Myocet) and liposomal daunorubicin
(DaunoXome) (134).

Moreover, Abraxane was approved by the FDA for the treatment of breast
cancer. It is an albumin-bound 130-nm nanoparticle formulation of paclitaxel, a

poorly soluble in water drug effective against different types of cancers. (135).

Finally, another clinically accepted nanosystem is the polymeric micelle
formulation of paclitaxel (Genexol-PM), with a diameter of 20-50 nm and
composed of block copolymers of PEG and poly-(D,L-lactic acid) (136). Currently

is approved for the treatment of breast and lung cancers in Korea.

Many others therapeutics are undergoing clinical investigation. Most of
them are liposomes, polymeric nanoparticles, micelles and lipid nanoparticles,
transporting different anticancer drugs such as platinum drugs (cisplatin,
carboplatin, and oxaliplatin), alkaloids (vincristine, camptothecin derivatives and

taxanes), or small interfering RNA (siRNA) among others (53). A 2006 global
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survey conducted by the European Science and Technology Observatory (ESTO)

revealed that over 150 companies are developing nanoscale therapeutics (137).

1.6. Nanoemulsions and surfactants

Emulsions can be defined as a heterogeneous mixture of at least two
immiscible liquids. In an emulsion, one liquid (disperse phase) is dispersed
throughout another liquid (continuous phase) in the form of droplets. Depending
on the nature of the dispersed and the continuous phase, different types of
emulsions can be distinguished (see Figure 8): oil-in-water (O/W), where the oil is
the dispersed phase and water is the dispersion medium, or water-in-oil (W/O)
where water is the dispersed phase and oil is the continuous one. If the dispersed
phase represents an emulsion itself, the systems formed are called multiple

emulsions (O/W/O, W/O/W, and so forth) (138).

The interface of emulsions is stabilized by the presence of an emulsifier or
surfactant (surface-active agents), that remains immobilized between the different
phases acting as a film former, reducing interfacial tension and/or providing a
mechanical barrier against coalescence, thereby stabilizing the emulsion. Surfactants
are molecules that present both a polar (hydrophilic) and a nonpolar (hydrophobic)
region. This type of structure with a water insoluble fragment and a water soluble

moiety is called amphiphilic or amphipathic.
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0/W emulsion

Figure 8: Different types of emulsions according to the nature of the dispersed and continuous

phases.

Emulsions are usually classified into two main categories: microemulsions
and nanoemulsions. Nanoemulsions, also called Windsor system microemulsions or
miniemulsions, are emulsions with a mean droplet diameter in the nanometer scale.
There is ambiguity in terms of the size range that may vary depending on the
authors. Some authors consider 500 nm as the upper limit (61, 139), while other
authors consider 200 nm (140) or even 100 nm (141). However it is generally
accepted that droplet diameters in nanoemulsions are less than ~200— 300 nm in
size, and from a thermodynamic point of view is a non-equilibrium state.
Nevertheless, the kinetics of destabilization is so slow that they can be considered
kinetically stable, as opposed to microemulsions, which are thermodynamically
stable and may range up to ~1 um in size (142-144). Such emulsions are typically
formed through spontaneous emulsification techniques. The components (e.g., oil,
water and surfactants) as well as the emulsification procedure are altered to vary the

nanosystem nature that is formed (145).

34



1. Introduction

The dispersed O-phase in most nanoemulsions is typically composed by
vegetable oils (fatty acyls) or middle chain triacylglycerols. Surfactants may include
nonionic block copolymers, lecithin (charged), and alcohols. Traditionally,
nanoemulsions have been prepared using phospholipids as emulsifier molecules.
They are ionic surfactants that offer electrostatic stabilization (146-147). Doplets
repel each other because they are composed by the same phospholipids that
provide particles with net charges of the same sign. When two different phases are
in contact, if one of the phases is a charged nanoparticle and the other one is an
electrolyte solution, the ions dissolved in the medium with opposite charge to the
particle surface tend to surround the particle in order to keep the neutrality of the
solution. The arrangement of charges located in one phase and those fixed in the
particle surface form what is called the electric double layer (148). Electrokinetic
phenomena is a generic term applied to effect associated with the relative
movement of the ionic solution near charged interfaces. One of these electrokinetic
phenomena is the electrophoresis that appears when an uniform electric field is
applied and the particle velocity in the steady state is measured. Electrophoretic
mobility of a particle is proportional to the zeta potential, which is the potential

existing in the shear plane of the moving particles (149).

The stability of nanoemulsions stabilized with ionic surfactants is
compromised in the presence of high ionic strength media. That is the case of
physiological conditions. At high salt concentrations the accumulation of
counterions near the interface screens the charge of the particles, causing a decrease
in the zeta potential value provoked by the double-layer compression, and
subsequently reducing the stability of nanoemulsions because the repulsion
between particles is decreased (149-150). The use of non-ionic surfactants has
attracted special attention in order to solve these problems, in spite of the stability

that they cause does not have an electrical origin.
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Non-ionic surfactants are also called steric surfactants because when they
are absorbed at the particle surface the nanoparticles are stabilized preventing other
particles by means of steric repulsion (151). Steric surfactants possess bulky groups
protruding into the disperse/continuous medium, which creates a brush-like bartier
around the droplets. When two droplets approach each other, the free movement
of these flexible groups is hindered by interpenetration of the adsorbed layers,
resulting to an entropic repulsion (152). Among others, triblock copolymers such as
poloxamers, already described above as “passports” to avoid the immune clearance,
are a well known example of steric surfactants. Poloxamers, contrary to ionic
surfactants, are unaffected by high electrolyte concentrations, and therefore their
nanoemulsions can be safely used in many industrial and pharmaceutical

applications where high ionic strength values are needed (153).

Although the nanoparticles developed in this thesis are classified in the
group of nanoemulsions, they are also usually referred to as lipid nanocapsules,
because morphologically they ate formed by an oily core surrounded by a polymeric
shell (thick steric barrier at the droplet interface) (142). However, some authors
reserve nanocapsule nomenclature for structures formed by a more rigid polymeric
shell prepared by interfacial polymerization or interfacial nano-deposition (154-
155). It should be noted that the terminology used in this PhD dissertation has
been, mainly, lipid nanocapsules, but other general terms have also been employed

as nanoemulsions, nanocarriers, nanoparticles or nanosystems.
1.7 Colloidal stability of nanoemulsions

Nanoemulsions are part of a more general class of two-phase mesoscopic
systems called colloids that are classified in two classes called lyophobic and

lyophilic colloids. Thus, their stability patterns ate governed by the physical

properties and behaviour of general colloidal dispersions.
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In lyophobic colloids, in which our nanoemulsions are included, there is
little interaction between the particles in the dispersed phase and the surrounding
medium. Due to the small droplet size, they present a large surface area. Because of
an excess of free surface energy, lyophobic colloids are thermodynamically
unstable; that is, they show a constant tendency to aggregate accompanied by a

decrease in the exposed area and the free energy of the system.
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Figure 9. Variation of the optical absorbance (A = 570 nm) with time for a hydrophilic colloidal
system at different NaCl concentrations: 0.003 M (blue inverted triangles V), 0.005 M (green
right-pointing arrowheads P), 0.008 M (orange left-pointing arrowheads <), 0.013 M (white
squares [1), 0.02 M (cyan diamonds ¢), 0.04 M (red squates W), 0.055 M (pink stars *), 0.09 M
(datk triangle A), 0.13 M (grey circle @), and 0.5 M (yellow pentagons ). The black straight

lines represent the initial slopes (dAbs/dt) that are necessary to calculate the Fuchs factor “W”.

A theory to describe the aggregation stability of lyophobic colloids was first
stablished by Derjaguin, Landau, Verwey, and Overbeek, and it is known as DLVO
theory (156-157). According to the classical DLVO theory, increased salinity

triggers the coagulation of lyophobic colloidal systems. During aggregation, the

37



1. Introduction

turbidity of the system increases when the average size of the scattering particles
enlarges. Figure 9 shows a typical aggregation experiment of a colloidal system

partially hydrophilic.

As can be seen, an increment of the salt concentration speeds up the
aggregation kinetics, as predicted by the DLVO theory. However, in hydrophilic
systems, the kinetics may slow down if the salinity is increased even more. This
“anomalous” behaviour is not explained by the DLVO theory, and the origin of

this phenomenon must be sought in the repulsive hydration forces.

Information on the kinetics-aggregation constant “A&” of dimmer
formation can be derived from these curves. The initial slopes of the absorbance vs.

time curves (dAbs/dt) can be directly related to £ by (158):

dAbs _ (C,/2-C,)Ng| )
dt 2.3

)

where C; and C; are the scattering cross-sections of a monomer and a dimmer,
respectively, Ny is the initial particle concentration, and /is the optical path through
the cuvette. Nevertheless, stability is usually evaluated by calculating the Fuchs
factor (IV), instead of calculating the £ values by using Equation 1. Fuchs factor
(also called “stability factor”) is related to the number of collisions that must suffer

two colliding particles before they keep definitively stuck (159).

Therefore, when IV = 1 the system is completely unstable, while " = o
indicates total stability. Fuchs factor can be calculated at every salt concentration

from the curves shown in Figure 10 by using the following equation:

38



1. Introduction

K, _ (dAbs/dt),

W=—-=
k., (dAbs/dt),

@

where “&/” refers to the fastest aggregation-kinetics constant, and the subscript “s”
refers to slower coagulation rates. This is shown in Figure 10, where the

dependence of I on the salt concentration has been plotted.
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Figure 10. From those experimental data shown in Figure 9, one can derive the Fuchs factor
“W” as a function of salt concentration. The dashed line serves to guide the eye for locating the

CCC value, while the dotted line is for the CSC.

The critical coagulation concentration (CCC) and the critical stabilization
concentration (CSC) are fundamental parameters in colloidal-stability studies. The
CCC value is the minimum salt concentration needed to make the interaction
energy barrier acting between the surface of two colliding particle vanish. It is
related to destabilization processes and it indirectly gives information on the
surface-charge density of the particles; a low CCC means low stability caused by a
low surface-charge density. However, the CSC value — defined as the minimum salt

concentration at which the system begins to re-stabilize when salinity is increased
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even more because the energetic barriers grows again — is associated with the
surface hydrophilicity. This kind of restabilization phenomenon at high salt
concentrations is well known in hydrophilic colloidal systems and it is governed by
hydration forces (160-162). Briefly, the microscopic origin of these forces must be
sought in the local order of water and hydrated ions located near any hydrophilic
surface. The hydration of the surface and ions reduces the free energy of the system
if it is hydrophilic. An overlap of the ordered-solvent layers near two mutually
approaching surfaces creates a repulsive structural force. Before two particles can
collapse, a partial dehydration of the surface polar groups and the ions located near
the interface must occur, which leads to an increase in the system energy, resulting
in a repulsive force that avoids particle contact and prevents the coagulation of the
system. Since this force is dependent on the local concentration of hydrated ions,
the repulsive interaction among two colliding particles increases with salinity. This
is the explanation of the fact that an instable system at low or moderate ionic
strength may become stable when the salt concentration increases to high values. It
should be noted that CSC values increase when the hydrophilicity decreases; hence
a low CSC value means high hydrophilicity. Therefore, there are two important
aggregation parameters (CCC and CSC) that give information about two crucial

surface characteristics: charge density and hydrophilicity.

1.8. Nanoemulsions in cancer therapy. Advantages as drug delivery

carriers

The use of nanoemulsions as delivery systems is gaining interest in the

pharmaceutical industry.
Nanoemulsions were first developed for total parenteral nutrition with the

aim of helping patients to overcome a critical nutrition state by providing them

with triglycerides (163).
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During recent years more innovative nanoemulsion formulations have
been developed varying the different components such as the emulsifier and/or the
emulsified oil nature (164). The combination of the advantages of traditional
parenteral emulsions (mainly biocompatibility and biodegradability) with the new
functionalities has led to the first marketed drug delivery systems based on
nanoemulsions and several formulations are nowadays commercialized. Examples

include etomidate (Etomidat-Lipuro®) and diazepam (Diazepam-Lipuro®) (165).

The main advantages of nanoemulsions in the field of drug delivery
systems for hydrophobic drugs are: inexpensive and easy-to-scale production, low
toxicity, independence of dilution, high content of the lipid phase and reduced side
effects (160).

Nanoemulsions have shown a strong potential for drug delivery in the
treatment of cancer, being capable of delivering high concentration of
chemotherapy drugs to cancerous tissues improving their bioavailability. The oil
phase of the nanoemulsion acts as solubilizer for the lipophilic compound thereby
enhancing the solubility of the drug in an emulsion system. Therefore, less amount
of the drug has to be administered in comparison to an aqueous solution. By
exposing the tissue to lower concentration of the drug and by avoiding a tissue
irritating vehicle, the pain associated with the intravenously administered drugs can
be minimised (167). In addition, because lipophilic drugs are incorporated within
the innermost oil phase, they are sequestered from direct contact with body fluids
and tissues, which may help to overcome the pharmacokinetic mismatch associated

with that particular chemotherapeutic agent (168).
Nanoemulsions have been investigated in cancer treatment to enhance the

transdermal bioavailability of poorly soluble anticancer drugs. For example

celecoxib nanoemulsions were prepared and pharmacokinetic studies on rats were

41



1. Introduction

developed showing that transdermally applied nanoemulsions increased the
bioavailability as compared to an oral capsule formulation (169). Oral administered
nanoemulsions have also been developed to enhance the oral bioavailability of
hydrophobic drugs like paclitaxel (170), tamoxifen citrate (171) and raloxifene
hydrochloride (172), among others. Studies about nanoemulsions for parenteral
administration have been developed showing attractive results. For example the
recently developed parenteral lipid nanoemulsions used as a platform for the
concurrent delivery of tocotrienol rich fraction of vitamin E, which previously
showed anticancer activity (173). Promising results have also been shown by the
pegylated nanoemulsions loaded with lycobetaine (LBT)-oleic acid ionic complex
against lung cancer, which showed higher LBT levels in blood and longer
circulation time, decreased LBT concentration in the heart, liver, and kidney, higher

growth inhibitory effect, and longer survival compared to free LBT (174).
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Chapter 2. Hypotheses and objectives

Hypotheses

- Lipid nanocapsules based on a core-shell structure, could efficiently encapsulate,
transport and deliver hydrophobic drugs such as docetaxel, increasing its cytotoxic
effect due to the oily core and the shell composed of phospholipids that could

favor their interaction with cell membranes.

- The modification of the surface of lipid nanocapsules with folic acid could
enhance their selective uptake by cancer cells that overexpress receptors for this

molecule and, thus, to increase the delivery of drugs toward these target cells.

- The functionalization of lipid nanoparticles with monoclonal antibodies that
recognize specific antigens presented in cancer cell membranes, could facilitate the
selective targeting of these nanosystems. As an example, herceptin, an antibody

with medical applications, immobilized onto lipid nanocapsules could enhance their
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uptake in HER2 positive cancer cells, compared with cells with a low expression of

HER2 receptors.

- The nature of the surfactant that composes the shell of the lipid nanocapsules
could affect how they interact with the biological environment. The use of
hydrophilic surfactants such as pluronics in the shell could decrease their

opsonization and recognition by immune cells.

Main objectives

The main goal of this study is to evaluate the potential of different
nanocapsule systems (nanoemulsions) to transport and deliver lipophilic anticancer
drugs such as docetaxel, with the aim of improving their cytotoxicity in cancer cells,
focusing in the surface characteristics and shell composition and the manner in
which they influence the behaviour of the nanoparticles in physiological conditions.

To achieve this goal several steps were followed:

- To synthesize lipid nanocapsules based on a core-shell structure, with the desire
properties such as colloidal stability, particle size, monodispersity, and surface
charge, and to carry out an in-depth physico-chemical characterization with
particular emphasis on the influence of the shell composition in their colloidal

stability and electrophoretic mobility.

- To encapsulate in the oily core of the nanoemulsions an hydrophobic dye (Nile
red) and an anticancer drug (docetaxel) in order to study the uptake and cytotoxic
effect of the nanocapsules in breast cancer cells as well as its effect in the cell cycle

and apoptosis.
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- To modify the surface of nanocapsules with folic acid in the interest of designing
targeted nanoparticles against cancer cells that overexpress folate receptors such as
some colon cancer cell lines, comparing the biological effect in folate receptor-
negative-cells. Moreover, to carry out a complete physico-chemical characterization
of these systems to analyze their properties before the development of biological

studies.

- To synthesize a new formulation of lipid nanocapsules and to establish a method
of functionalization of their surfaces with monoclonal antibodies which have
different isoelectric points. This study implies the immobilization of a monoclonal
antibody used currently in cancer therapy, herceptin, to target the nanocapsules
against HER2 positive breast cancer cells and to study differences in uptake and
cytotoxicity comparing the results of these cells with HER2 negative cancer cells

and healthy ones.

- Finally, to study the influence of the surfactant, located in the nanocapsule shell,
on the protein adsorption, macrophage association, uptake and cytotoxic effect in
cancer cells, since understanding this should help us to modulate the surface
architecture to control the environmental interactions and, thus, to optimize

functionality of nanosystems in an environment specific way.
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Chapter 3. Brief summary of the presented papers

In this thesis, the results are presented in five different papers according to
a chronological criterion. A brief summary of the main results and their

interrelationships is presented below.

Paper I. In this work different protocols to establish a simple, reproducible, and
non-expensive procedure to synthesize lipid nanocapsule systems with an oily core
and different surface characteristics were developed by using phospholipid
molecules, a poloxamer, and chitosan. Special attention was paid to design
nanocapsules in which antibody molecules could be covalently attached on the
surface (e.g. particles with an enriched carboxylic surface). They were analyzed in
order to acquire a fuller knowledge concerning the physicochemical properties
examining the role played by their components. These experiments showed that the
nanosystems presented an appropriate size, monodispersity and colloidal stability
for parenteral administration. In addition, a polyclonal IgG was immobilized on the
surface of the particles and the immunological response of this new system against

the specific ligand was quantified showing specific recognition properties. Finally
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the potential use of these nanocapsules was evaluated by studying the 7 vitro the
uptake of Nile red-loaded systems by breast cancer cells, being the results

modulated by the surface characteristics.

Paper II. A fuller biological ## vitro study of the nanoparticles presented in the
paper 1 was developed in this second article. An hydrophobic anticancer drug,
docetaxel, was encapsulated in three lipid nanocapsule systems with different shell
composition, and their cytotoxic effect, apoptosis and cell cycle effect in a breast
cancer cell line was evaluated. The anti-tumor effect of docetaxel was improved by
its encapsulation in lipid nanocapsules, which significantly decreased the 1Cso rate
with evidence of apoptosis and premature cell cycle progression from G(1) to G(2)-

M phase.

Paper III. Once bare lipid nanoparticles were characterized and their cytotoxic
effect evaluated (paper 1 and II), next step was to vectorize these systems to
facilitate selective targeting against cancer cell lines that overexpress membrane
folate receptors. Thus, nanocapsules coated with folate-chitosan conjugates at
varying folate concentrations were synthesized and characterized. They were loaded
with Nile red and docetaxel, and evaluated in four tumor cell lines with different
expression of folate receptors, demonstrating that the folate-mediated
internalization of the particles in the cancer cells was improved when the

nanocapsules were coated by folate-chitosan conjugates.

Paper IV. Another strategy of vectorization of lipid nanoparticles was developed
and optimized. In this paper a standardization of a simple method to obtain
targeted nanocapsules with monoclonal antibodies was established. Three different
antibodies were covalently immobilized on an enriched carboxylic surface of lipid
nanocapsules by using deoxycholic acid molecules. One of these antibodies was

trastuzumab (herceptin®), a specific HER2 oncoprotein antibody. After the
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complete physico-chemical characterization, immunological analyses verified the
expected specific immuno-response of the systems. Moreover herceptin-modified
nanocapsules with Nile red enclosed were evaluated by 7z vitro assays analyzing the
uptake in different breast cancer cell lines, which overexpress low and high levels of
HER2, and a healthy breast cell line as a negative control. Cytotoxic effect was
studied by encapsulating docetaxel and both biological studies showed that these

immuno-nanocapsules present specific recognition propetties.

Paper V. Finally, a study to deeply understand how lipid nanocapsules interact with
the highly complex surrounding biological milieu was carried out. Surfactants with
markedly different nature (poloxamer and phospholipids) were used as components
of the shell in diverse combinations to provide different surface properties. Protein
adsorption on the surfaces was determined showing that poloxamer significantly
reduces such adsorption. Moreover the influence of these differences on cellular
uptake and cytotoxicity in a lung cancer cell line was analyzed by encapsulating a
hydrophobic fluorescent dye (Coumarin 6) or a lipophilic drug (docetaxel)
respectively, observing quantitative dissimilarities: as the concentration of
poloxamer increases in the shell of the particles, both the cytotoxicity and the
uptake decrease. The trend of uptake was similar when particles were studied when

working with cells of the immune system such as macrophages.
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Abstract

Lipid nanocapsules (LNC) based on a core-shell structure consisting of
an oil-filled core with a surrounding polymer layer are known to be promising
vehicles for the delivery of hydrophobic drugs in the new therapeutic strategies in
anti-cancer treatments. The present work has been designed as basic research about
different LNC systems. We have synthesized — and physico-chemically
characterized — three different LNC systems in which the core was constituted by
olive oil and the shell by different phospholipids (phosphatidyl-serine or lecithin)
and other biocompatible molecules such as Pluronic® F68 or chitosan. It bears
remarking that the olive-oil-phosphatidyl-serine LCN is a novel formulation
presented in this work and was designed to generate an enriched carboxylic surface.
This carboxylic layer is meant to link specific antibodies, which could facilitate the
specific nanocapsule uptake by cancer cells. This is why nanoparticles with
phosphatidyl-serine in their shell have also been used in this work to form
immuno-nanocapsules containing a polyclonal IgG against a model antigen (C-
reactive protein) covalently bounded by means of a simple and reproducible
carbodiimide method. An immunological study was made to verify that these IgG-
LNC complexes showed the expected specific immune response. Finally, a
preliminary iz vitro study was performed by culturing a breast-carcinoma cell line
(MCF-7) with Nile-Red-loaded LNC. We found that these cancer cells take up the
fluorescent Nile-Red molecule in a process dependent on the surface properties of

the nanocartiers.
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1. Introduction

Nanomedicine, an emerging new field created by the fusion of
nanotechnology and medicine, has become one of the most promising pathways for
developing effective targeted therapies with particular impact on oncology. This is
because these new therapeutic strategies could supply the tools necessary to

improve inherent limitations of classical pharmacotherapy [1-4].

In recent years, different colloidal systems such as nanoparticles and
nanocapsules have been reported as potential carriers for drug delivery [5, 6].
Structured nanocapsules are generally described as colloidal systems with a core-
shell structure [1, 2], where the core acts as a liquid reservoir for several molecules
or drugs, and the shell as a protective membrane. These nanosystems present
promising applications as carriers of drugs, proteins or DNA chains, or in diagnosis
applications as contrast agents [7, 8]. Their useful properties include
biocompatibility and biodegradability, low toxicity, controlled release of drugs and

the ability to target specific tissues [5].

In particular, lipid nanocapsules (LNC), consisting of an oil-filled core
with a surrounding polymer shell have special use for encapsulating and delivering
hydrophobic drugs. The versatility of these LNC for an efficient encapsulation in
their oily core of several anti-cancer drugs has been previously demonstrated [9,
10]. It should be noted that, due to the hydrophobic character of many of these
drugs, current pharmacotherapy must use solubilizer agents for their intravenous
administration [11], which in turn is another foreign substance that has to be added
in the blood stream. This is why LNC offer a promising system and an excellent
alternative to emulsions or microemulsions for pharmaceutical application of
hydrophobic drugs [7, 12, 13]. Thanks to the drug protection and their controlled

release on cancer cells, these kinds of nanoparticles provide an ideal solution,

79



4. Results. Paper 1

leading to selective cytotoxicity, minimizing the serious and unpleasant side effects

of cancer drugs and preventing damage to healthy tissues [14, 15].

The shell of LNC can be formed by a wide variety of polymers/surfactants
with hydrophilic segments such as polyethylene glycol (PEG), polyethylene oxide,
poloxamers, poloxamines, polysorbates, chitosan, etc. [16-19]. These types of
polymers, in addition to enhancing the intrinsic colloidal stability of the system,
may help to avoid their recognition by the mononuclear phagocyte system (MPS), a
major drawback that often arises after intravenous injection of drug carriers,
causing a decrease in circulating LNC as well as undesirable accumulation of these
colloids in the liver or the spleen. Therefore, the nature of the polymeric shell is
crucial to minimize the MPS action by repelling plasma proteins [16] and achieving
the so-called S7ealth® nanosystems [5, 11, 20-22]. This would increase the 7 vivo
long-term stability of the nanoparticles, and it would also facilitate their ability to
cross certain biological barriers. For example, nanoparticles coated with
polysorbates or poloxamers have been reported to successfully pass the blood-

brain-barrier and other physiological barriers [23].

On the other hand, although LNC represent an important class of
nanocarriers capable of efficiently encapsulating and delivering a variety of drugs,
their typical pathway to act on cancer tissues is through the so-called enbanced
permeability and retention effect. This means passive targeting with non-specific delivery
and the inability to cross several biological barriers based on molecular recognition
processes [7, 10, 15]. Thus, it would be advisable to improve the efficacy of
chemotherapy as well as to decrease the systemic toxicity of these drugs by using
tailor-made tumor-targeted drug carriers, thereby reducing — although not

completely avoiding — unspecific passive delivery.
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Vectorization and targeting capacities of these systems can be implemented
by surface modification with specific biomolecules (e.g. antibody fragments, folic
acid) conjugated to LNC and enhancing the cell-targeting through molecular
recognition processes such as ligand-receptor or antigen-antibody reactions [6, 10,
24-20]. Today, it is possible to form a LNC surface with several agents bearing
diverse functional groups capable of covalently binding a variety of biochemically
active groups. Shell polymers are generally synthesized with pendant functional
groups such as hydroxyl, carboxyl, amine or thiol groups (-OH, -COOH, -NHa, or
—SH). As a result, these tailored-LNCs would deliver a given drug specifically

towards a targeted malignant tumor [4].

Within this scenario, the main objective of the present work focuses on
developing a simple, reproducible, and non-expensive procedure to synthesize
LNCs systems, paying special attention to designing nanocapsules in which
antibody molecules can be covalently attached on the surface. Thus, several lipid
nanosystems with different surface characteristics have been obtained and analyzed
in order to acquire a fuller knowledge concerning the physicochemical properties of
these colloidal particles, closely examining the role played by the components.
Thus, a thorough characterization was made, including size, electrokinetic behavior,

and colloidal stability.

Specifically, we have synthesized three different core-shell lipid
nanosystems by using a simple process with commercially available biocompatible
components. In all cases, the hydrophobic core was constituted by olive oil, while
the hydrophilic shell nature was varied by adding different molecules in order to
generate different (and desirable) surface properties. The molecules used in the
surface modification were phospholipid molecules, a poloxamer, and chitosan.
Thus, we have two typical reference systems previously reported [18] with an

anionic and a cationic surface charge respectively, and a novel nanosystem (not
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described in the literature yet) in which the shell was constituted by phosphatidyl-

serine and a poloxamer producing a carboxyl-functionalized nanosystem.

In the second step, we developed the chemical immobilization of a classical
polyclonal IgG antibody on the carboxylated nanocapsules by means of a
reproducible and simple method. For this, a well-established procedure based on
the carbodiimide (CDI) method was used [27-30]. All the antibody-LNC systems
were physico-chemically characterized and compared with bare LNC. The
immunological response of our colloidal immune-nanocapsules was also quantified
against the specific ligand of the antibody molecules, the C-reactive protein (CRP).
The goal of this part was to check whether this new LNC system enriched by
phosphatidyl-serine could efficiently link antibodies for future vectorization
purposes, and whether these antibodies kept their intrinsic immuno-reactivity once

they were immobilized on the LNC surface.

The work finishes with an 7z vitro study to evaluate the potential use of our
LNC. In this last part, Nile-Red-loaded lipid nanocapsules were prepared to make a
quantitative study of particle uptake by a breast-carcinoma cell line (MCF-7), Nile-

Red being a commercially available hydrophobic fluorescent molecule.

2. Experimental section

Reagents

Olive oil, poloxamer 188 (Pluronic® F68), Nile Red and phosphatidyl-L-
serine were obtained from Sigma Aldrich. The olive oil was purified with activated
magnesium silicate (Florisil, Fluka) in order to eliminate free fatty acids. Epikuron
145V, which is a deoiled, wax-like, phosphatidyl-choline-enriched fraction of
soybean lecithin, was kindly provided by Cargil Ibérica SL. Protasan® Cl 113, and
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medium-molecular-weight chitosan chloride salt with a deacetylation degree of
85%, was supplied from FMC Biopolymer Novamatrix (Norway). For the study of
the electrophoretic mobility and colloidal stability at different pH values, several
buffered solutions with a low ionic strength (I = 0.002 M) were prepared: pH 4 and
5 were buffered with acetate, pH 6 and 7 with phosphate, and pH 8 and 9 with
borate. Additionally, in some cases, stability was evaluated in phosphate buffer
saline (PBS) and different culture mediums: Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with fetal bovine serum. Other chemicals and electrolytes
used were of analytical grade and purchased from Sigma, Merck, and Scharlau.

Deionized Milli-Q water was used throughout.

Nanocapsules preparation

The nanosystems studied were prepared by a solvent-displacement
technique following the procedure of Prego ez a/ [50]. This is a well-known
technique widely reported for the preparation of nanocapsules, where hydrophilic
surfactants are usually dissolved in the aqueous phase before emulsion formation.
Briefly, an organic phase was prepared containing 125 pl of olive oil and
phospholipids: 40 mg of Epikuron 145V (EPIl nanocapsules) or 10 mg of
phosphatidyl-L-serine (PhS nanocapsules) dissolved in 0.5 ml ethanol and 9.5 ml of
acetone. This organic phase was immediately poured over an aqueous phase
containing 50 mg of Pluronic® F68 or 10 mg of chitosan oligomers. The mixture
turned milky immediately because of the formation of the nanoemulsion. Then, the
organic solvents were evaporated under vacuum to a final volume of 15 ml. Figure

1 shows a scheme of the synthesis procedure.
All nanosystems presented olive oil in their hydrophobic core and,

depending on the composition of the organic and aqueous phases, the final sample

showed different interface properties. Thus, three different systems were
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formulated: EPI nanocapsules with a surface shell composed by epikuron and
Pluronic® F68; CS nanocapsules with epikuron and chitosan oligomers; and finally,

PhS nanocapsules with phosphatidyl-L-serine and Pluronic® F68.

Fluorescent LNCs were formulated by dissolving Nile Red in the olive oil
phase at a concentration of 0.025% (w/w). The encapsulation of this fluorescent
molecule was confirmed by using a SPEX Fluoromax-2 spectrofluorometer. The
emission fluorescence spectra were determined from 550 to 700 nm previous
excitation of the sample at a wavelength of 485 nm, with a scanning speed of 100

nm/min and a wavelength accuracy of £1 nm.

Organic phase Aqueous phase

Olive oil and phospholipids
(phosphatidyl-L-serine or
Epi<uron 145V} in acetona
and ethanol

Chitosan o P uronic F68 in

weler

Mixture of organic and aqueous
phase and evaporation under vacuum

Phospholiaids .ﬁ . . . .
Pluronic F68 e ©o o
or ~

Chitosan = . . .

Figure 1. Scheme detailing the preparation of the particles.

Nanocapsule characterization

Size, morphology, and storage stability. The average size of the nanosystems was

determined by combining a high-performance-particle-sizer technology with a non-
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invasive-backscattering method, where the measurement is taken at an angle of
173°. This technique minimizes multiple scattering [51] and the light detected is
processed by a digital correlator (ALV 5000/E), providing information on the
average diffusion coefficient of the particles, which can be easily related to the
mean diameter () by using the Stokes-Einstein equation for spheres. The
morphological characterization of the nanosystems was developed using
transmission electron microscopy (TEM) in the Scientific Instrumentation Centre,

Granada University (Spain).

Electrophoretic mobility. A Zetasizer-nano (Malvern Instruments, UK) was
used to measure the electrophoretic mobility (). The study was focused on
measuring the [ as a function of pH while maintaining a constant low-ionic-

strength value (0.002 M). Each . mobility datum was the average of 6 individual

measurements.

Colloidal stability. Colloidal stability was spectrophotometrically studied
(Beckman DU 7400 spectrophotometer) working at physiological pH in simple
saline media. The salts used in these stability studies were NaCl and CaCl. As
described in detail in reference [52], it is possible to derive the “critical coagulation
concentration” (CCC) and the “critical stabilization concentration” (CSC) values.
These parameters are fundamental in colloidal-stability studies, since they give
valuable information about certain surface characteristics. For example, CCC is
related to the surface charge density, while the CSC is associated to the surface
hydrophilicity [51]. In addition to measuring the colloidal stability of our
nanocapsules with NaCl and CaCl,, we also evaluated stability in PBS and in
DMEM supplemented with fetal bovine serum by monitoring the variation of

optical absorbance of the nanocapsules as a function of time.
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Tmmuno-nanocapsules

Conjugation of 1¢G antibodies with LNC. C-reactive protein (CRP) and
polyclonal immunoglobulin G-anti-CRP (aCRP-IgG) from rabbit were obtained,
purified, and kindly donated by Biokit S.A. (Spain). The covalent attachment of
aCRP-IgG to the PhS nanoparticles was performed according to the well-
established carbodiimide method [27]. In this method, 1 ethyl-3-(3-dimethyl
aminopropyl) carbodiimide (CDI) was used to bind the antibody via its amino
groups to the carboxyl groups of the PhS nanoparticles. Briefly, a sample of PhS
system having 0.2 m? of total surface was incubated at pH 8 with CDI (100 ul of a
solution of 15 mg/ml) for 30 min at 25°C. Subsequently, activated nanoparticles
were incubated with two different amounts of «CRP-IgG, 1mg/m? and 2.5 mg/m?,
overnight. All the immuno-nanocapsules were cleaned by means of a dialysis
process in pH 8 buffer solution in order to separate the non-coupled aCRP-IgG

molecules.

Immunological study. The immunoassays were performed in saline BSA borate
buffer: pH 8, borate (15 mM), NaCl (150 mM), NaNj3 as preservative (1 mg/ml),
and bovine serum albumin from Sigma-Aldrich (1 mg/ml). The immuno-
nanoparticles were diluted in this solution to provide a working LNC reagent. A
series of CRP solutions was prepared in the saline BSA medium, the antigen
concentration ranging from 0.25 pg/ml to 40 pg/ml. Turbidimetric curves of
absorbance vs. time were plotted using a simple spectrophotometer (Beckman DU
7400). Absorbance measurements were collected at 570 nm for 300 sec at 25°C,
after mixing 50 pl of each antigen solution with 150 ul of the immuno-LNC

solution.
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Cell line and culture conditions

A breast-carcinoma cell line (MCF-7) was supplied by the Scientific
Instrumentation Centre, Granada University (Spain). Cells were grown at 37°C in
an atmosphere containing 5% CO,, with DMEM (Gibco, Grand Island, NY, USA)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 2% L-
glutamine, 2.7% sodium bicarbonate, 1% Hepes buffer, and 1% of

penicillin/streptomycin solution.

The intracellular uptake of fluorescence-labeled nanoparticles was
performed as follows. MCF-7 cells (3x10%) were seeded into 24-well plates under
the culture conditions detailed above. After 24 h, cells were fed with fresh medium
and treated with Nile-Red-nanocapsules. After incubation for 30 min and 2 h with
particles labeled with Red Nile the cells were washed with PBS to remove free
nanocapsules. Then the cells were harvested by PBS-ethylenediamine-tetraacetid
acid (PBS-EDTA), washed twice with cold PBS, and pelleted by centrifugation at
1500 rpm for 5 min. Living cells were resuspended in PBS and analyzed for red
fluorescence by flow cytometry in a FACScan (Becton Dickinson, USA). The
fluorescent pulses were analyzed by CellQuest Pro software. Instrument settings,
such as the photomultiplier voltage and compensation, were adjusted in such a way
that the difference in background fluorescence of cells without internalized
nanocapsules became insignificant. SPSS (Statistical Package for the Social
Sciences) version 7.5 (Chicago, IL, USA) was used for the statistical analysis in cell
culture studies. The results were compared by means of the Student’s # test.

Differences were considered statistically significant at a P value of < 0.05.
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3. Results and Discussions

The first part of this work includes a complete physicochemical and
morphological characterization of our colloidal systems. Their synthesis procedures

are shown in experimental section.

The shell of the simplest system (referred to as EPI) was constituted by a
commercial mixture of phospholipid molecules (Epikuron) and a poloxamer
(Pluronic® F68), both acting as colloidal stabilizers. A second system (referred to
as CS) was formulated by substituting the poloxamer by chitosan oligomers. Finally,
in the third formulation Epikuron was substituted by phosphatidyl-serine (referred

to as pHS).

Particle size and size distribution are key variables to determine the 7 vivo
distribution of the nanopatticles, the drug release, the targeting ability, and their
colloidal stability [31, 32]. Generally, a sub-micron size is recommended in the
literature. It is advisable to formulate nanoparticles with an optimal size depending
on their specific use, normally under 200-300 nm of diameter, and preserving, at
the same time, the colloidal stability of the system [16]. In our case, the synthesis
procedure yielded to spherical nanocapsules with an average diameter in the
nanometric scale, Table 1. It should be noted that the size of all the formulations
remained at a constant value under the storage conditions (pure water, 4°C) for at

least four months, which is a good indication of their intrinsic stability in water.

The morphology of the nanocarriers was analyzed by TEM. The three
LNC systems showed a spherical shape and a size consistent with the values
previously found using light back-scattering measurements. Figure 2 shows a TEM

micrograph of the EPI nanocapsules.

88



4. Results. Paper 1

Table 1. Particle size of the different lipid nanocapsule and immuno-nanocapsule systems

Nanosysten Diameter (nm)
EPI 170 + 20
CS 33030
PhS 210+20
PhS-1mglgG/nf 200 + 20
PhS-2.5mglgG/nf 204 + 14

Given the size differences among the EPI and PhS nanoparticles, the
“epikuron-poloxamer” pair appears to be a better emulsifier than the “PhS-
poloxamer” one, in that the former produces particles with a smaller diameter than
the latter. Previous results have shown that the presence of poloxamer together
with lecithin increases the particle size in comparison to the case in which lecithin
was the only component of the shell [18]. This feature could be extrapolated to the
PhS nanoparticles (with a larger diameters) suggesting a greater incorporation of
poloxamer when this surfactant is added together with phosphatidyl-serine,
producing nanoparticles with a larger diameter. Results of electrokinetic
measurements and colloidal stability (shown in the following sections) appear to
support this idea. Nevertheless, the most significant result was the size increment
found when chitosan was added together with epikuron. In this case, positive
chitosan chains can interact electrostatically with negative phospholipid molecules,
reducing the effective concentration of this latter emulsifier and, consequently,

producing larger nanocapsules [18].
With regard to the immuno-nanocapsules, we will firstly explain why our

PhS-LNCs were sensitized with a partial coating of IgG. It is well known that the

presence of polyclonal IgG molecules linked onto colloidal particles causes a
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significant alteration of their surface properties, changing the electrokinetic

behavior and reducing significantly the colloidal stability at neutral pH [28].

Figure 2. Transmission electron microscopy of the EPI nanocapsules.

The development of colloidally stable nanosystems is a prerequisite for
successful future applications of drug carriers in biological media. Taking into
account that a low stability has been found working with other nanoparticles of
similar size as ours when their surfaces were saturated with IgG molecules (5
mgleG/m?) [33], we developed systems with a low to medium IgG coverage: 1
mgleG/m?, and 2.5 mglgG/m? The covalent coupling was developed by means of
the CDI method, described in detail in the experimental section, and no

aggregation was noted over the experimental period.

After coupling, immuno-nanocapsules were separated from unbound
protein by a dialysis procedure. An analysis of the eluted solution volume from
dialysis by means of spectrophotometric measurements did not detect any presence
of protein molecules in the solution, which would indicate very high coupling
efficiency. The size of these antibody-nanocapsule complexes (at pH 8 and low-
ionic-strength medium) is shown in Table 1. Diameters remain similar to those of

the original PhS-system regardless of the antibody amount on the surface. This is a

90



4. Results. Paper 1

good indication that the appropriate selection was made with our antibody density
values, since an increase in the hydrodynamic diameter has been reported for
several nanosystems having a high density of antibodies immobilized on them,

meaning low stability and a strong tendency to aggregate [25, 34].

0,6

0,4

0,24

Optical absorbance increment

0,0 .
0,1 1 10 100
[CRP] pg/ml

Figure 3. Absorbance change after 300 s (\ = 570 nm) due to aggregation induced by different
CRP concentrations: (O) PhS-1mglgG/m?2; ([J) PhS-2.5mglgG/m?. Reaction medium: 13 mM
borate (pH 8.0), 150 mMNaCl, 1 mg/ml NaN3;, 1 mg/ml BSA. The starting point of optical

absorbance for all experiments was 0.5.

Prior any further physico-chemical characterization of the immuno-
complexes, it was necessary to test whether the immobilized IgG maintained its
antigenic activity. Previous results working with hard nanospheres in which IgG
was covalently linked with the CDI method showed good immuno-activity [27, 28].
However, we are now working with soft liquid particles where IgG might denature
when located in the oil/water interface and/or may change the preferential
orientation of the adhered IgG molecules— especially when surfactant molecules
(e.g. poloxamer) are placed on the surface [35]. Therefore, we quantified the
immuno-reactivity by spectrophotometrically measuring the agglutination extent
when our immuno-nanocapsules were mixed with the corresponding antigen

(CRP). These experiments are determinant to test the feasibility and potential
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applicability of these soft lipid immuno-nanocapsules in future active targeting
strategies. Figure 3 shows the changes in the optical absorbance vs. the CRP
concentration for both immuno-complexes. It should be noted that at low CRP
concentrations, those particles with a higher IgG coating were more reactive, while
at [CRP] < 5 pg/ml the highest increment of absorbance was found with the 1
mglgG/m? complex. Nevertheless, the immuno-agglutination extent was significant
in both cases and it indicates an adequate surface disposition of the antibody

molecules for specific recognition.

The next set of experiments was focused on determining the electrical state
of the nanocapsules at different pH values. A magnitude commonly used to gain
information about the surface state of charge of colloidal particles is
electrophoretic mobility (uc). This is an experimental parameter directly related
with the zeta potential existing in the shear plane of the particles [28, 36]. The
electrophoretic mobility data, gathered from low-ionic-strength media, are shown
in Figure 4. The p. values depend on the electrical potential at the shear plane,
which is ultimately governed by the composition of the LNC surface and by the
salinity and pH conditions of the medium in which the particles are dispersed. The
He results agree with the nature of the shell of our nanocapsules and they confirm
the presence of the different molecules used in their synthesis. That is, the EPI and
PhS nanocapsules showed typical behavior of colloids with weak acid groups,

giving lower p.. values at acidic pH values than those found at neutral and basic pH.

In addition, Figure 4 shows a peculiar nuance related with the nature of the
surface-charged groups. These groups come exclusively from the Epikuron
molecules in the EPI nanocapsules, in which phosphatidyl-choline is the major
component. Thus, the phosphatidic acid — with a pK; between 3 and 4 — is the
main charged group in these LNC. However, the PhS-nanoparticles present only

phosphatidyl-serine as phospholipidic molecules; that is, in this case there are two
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different surface charged groups: phosphatidic and carboxylic (pK,= 4.8). This is
also reflected in the electrokinetic behavior, since the reduction in the mobility
value begins at pH 5 for the PhS system while it is at pH 4 for the EPI particles
(see Figure 4).

u 10%(m*/Vs)
a

e
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4 5 6 7 8 9
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Figure 4. Electrophotetic mobility vs. pH for (A) EPL, (J) CS, and (O) PhS nanocapsules.

This subtle difference in our experimental p. measurements agrees with
other data gathered with similar colloidal systems formed by both phosphatidic [18]
and carboxylic [37] surface groups. The presence of Pluronic F68 molecules on the
surface does not alter the electrical state of the surface, since this poloxamer is a
non-ionic surfactant [18, 35]. However, a y. reduction (in absolute value) could be
expected after the incorporation of this non-ionic surfactant onto the nanoparticle
surface, since the presence of polyethylene oxide (PEO) chains would cause an
outward shift of the shear plane where the {-potential is defined, and this would
subsequently diminish the electrophoretic mobility. At least for polystyrene or
polylactic-co-glycolic acid particles the p. reduction was significant and directly
related to the poloxamer coating [35, 38]. The results shown in Figure 4 for both
EPI and PhS systems would indicate a higher incorporation of poloxamer for the

PhS nanoparticles with an appreciable decrease of the absolute p. values

93



4. Results. Paper 1

throughout the pH range studied, as experimentally observed. As will be shown,
the stability experiments corroborate this assumption related to the higher

incorporation of Pluronic F68 in the PhS-LNC.

On the other hand, the p. behavior of the CS nanocapsules becomes
radically different. These CS-LNC show mobility data very similar to those found
with pure chitosan nanogels [38] and they practically coincide with previously
results found for similar chitosan nanocapsules [18]. The p. confirms that the
incorporation of chitosan was clearly effective when this polysaccharide was added
to the formulation. It can be seen that mobility goes from positive values at acidic
pH to large negative values at more basic pH, presenting an isoelectric point (i.e.p.)
at pH 7. The positive charge of nanocapsules is provided by the glucosamine
groups of chitosan, which present a weak basic character. At basic pH, chitosan
chains are uncharged, so that the negative p. comes from the lecithin phosphatidic
groups. This p. behavior indicates a clear incorporation of this polycationic polymer
into the nanocapsule shell yielding to a surface structure practically formed (in its

outer part) by a chitosan layer.

Usually, the presence of IgG molecules on the surface of colloidal particles
causes a significant alteration of the p. values in comparison with the same bare
surfaces. Therefore, the electrokinetic behavior of our immuno-nanocapsules can
also be useful to determine the presence of such active material (IgG) linked on the
LNC surface. Figure 5 shows the mobility of our immuno-nanocapsules as a
function of the medium pH. These data support the presence of antibody
molecules in the particle surface. Also, a clear correlation is found between the

mobility data and the amount of surface protein.

94



4. Results. Paper 1

It is known that, when colloidal particles are coated by a protein, the
original isoelectric point of bare particles moves towards the isoelectric point of the
pure protein. In the case of our immuno-capsules, they inverted the original PhS-
LNC pe sign at acidic pH 4 (due to the positive electrical charge of IgG molecules
at these pH values [28, 37, 40]), shifting the isoelectric points of the complexes at
pH 4.6 and 5.1 for the 1 mglgG/m?and 2.5 mglgG/m? systems, respectively [41,
42]. On the other hand, analyzing the p. values at neutral and basic pH, we found
another important difference among bare nanocapsules and immuno-nanocapsules,
with a clear . decrease (in absolute value) when the antibody coating increased. In
these conditions, the surface charge density of the surface protein layer became
significantly low, which translated as a reduction of the original negative surface
electrostatic potential. It is worth remembering that p. values are usually indicative
of the colloidal stability of the particles. Therefore, a reduction in p. values at
neutral and basic pH values would imply decreased colloidal stability. As shown

below, these complexes present low colloidal stability at physiological pH.
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Figure 5. Electrophoretic mobility vs. pH for (B) PhS, (O) PhS-1 mg I1gG / m?, and (A) PhS-
2.5 mg IgG /m2IgG.
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In the next set of experiments, the colloidal stability was studied at a pH
value which matched that of culture media (7.4) used in the 77 vitro experiments in
order to analyze the stability/instability of the nanocapsules when incubated with
cells. Aggregations were induced by salinity using NaCl and CaCl, independently.
The corresponding CCC and CSC values for all the systems—nanocapsules and
immuno-nanocapsules— are shown in Table 2. With regard to the CCC data,
calcium exerts a much higher destabilizing effect than sodium does, as expected.
This is due to the double valence of calcium, which screens the nanocapsule surface
charge much better than sodium does. Consequently, the CCC values are

consistently lower for CaCl, than for NaCL

Table 2.Critical coagulation concentration (CCC) and critical stabilization concentration (CSC)

data (in mM units), at pH 7.4, using NaCl and CaCl, as aggregating salts.

EPI Cs

pH 7,4 CCC CsC CCC CsC

NacCl stable stable aggreg 161

CacCl, 61 77 aggreg 14

PhS PhS-1gG PhS-IgG
(mgm?) (2.5 mgm?) pH 7,4

CCC CsC CCC CsC CCC CsC
stable stable stable Stable 38 56 NacCl
stable stable 12 22 9 12 CaCl,

Next, we examine the results found for bare nanocapsules. The CCC and
CSC data gathered for the EPI nanocapsules are similar to those previously
obtained for nanocapsules formulated with the same shell composition [18]. The
incorporation of poloxamer into the shell confers a more hydrophilic character

ascribed to the PEO fragments. The CSC data corresponding to CaCly confirm the
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presence of poloxamer molecules on the surface, showing a restabilization process
typical of surfaces with hydrophilic character. This stability observed at moderate
and high ionic strengths is governed by repulsive hydration forces that are

explained in detail in references [43, 44].

With regard to the NaCl, the EPI sample became completely stable in the
entire NaCl-concentration range. This is due to the fact that the CCC is higher than
the CSC, overlapping both critical concentrations in this highly hydrophilic system.
That is, the restabilization mechanism based on hydration forces begins to act at a
salt concentration in which the classical DLVO potential barrier still has not been

definitively eliminated by the screening effect of the electrolyte concentration [18].

When we analyzed the colloidal stability of PhS nanocapsules, a completely
stable system was found, since it was impossible to coagulate at any NaCl or CaCl,
salt concentration. This feature, characteristic of sterically stabilized colloids, clearly
indicates a higher incorporation of Pluronic F68 molecules into the PhS system in
contrast to the EPI case. Furthermore, this result agrees with previous
electrokinetic data, in which a reduction in p. values has been related to the
incorporation of PEO chains on the surface shell, which (consequently) shifted the

shear plane where the zeta potential is defined outward.

Performing the experimental study of the stability of the CS system was a
difficult task, because these LNC coagulated —even before adding any salt
concentration— as soon as the nanocapsules were immersed in the buffer at pH 7.4.
This high instability at neutral pH is consistent with the isoelectric point shown in
the p. experiments (see Fig. 4), and it indicates that repulsive electric forces are the
main factor responsible for the stability of the CS system at low ionic strength.
Nevertheless, our deacetylated chitosan is a hydrophilic material, and therefore

repulsive hydration forces should be expected to act under high-salinity conditions.
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This is why we immersed the CS particles in a pH 7.4 buffer, but previously adding
a moderate or high NaCl concentration. It bears highlighting that this saline-system
was totally stable. This is why the CSC data shown in Table 2 for the CS-LNC were
gathered from a high-salinity solution and making successive dilutions that reduced
the ionic strength and, consequently, triggered coagulation at a given low-salinity

value.

In summary, the stability patterns of our systems comes from a
combination of the destabilizing power exerted by salinity (which screens the
electrical repulsion existing in low-ionic-strength media), and the stabilizing effect
given by hydration forces in hydrophilic surfaces when salinity increases. When the
electrolyte concentration is not too high (and hydration forces can be neglected),
the CCC values correlate with the p. data in the less hydrophilic systems (EPI and
CS), the stability being governed mainly by the surface electrical charge (which in
turn depends on the nature of the shell molecules). For high-salinity conditions or
for highly hydrophilic surfaces (i.e. PhS-LNC) both repulsive steric and hydration

forces keep stable the systems.

With regard to the colloidal stability of our immuno-complexes, Figure 6
shows a typical experiment in which the stability factor (W) is evaluated at different
CaCly concentrations. The W-stability factor is an experimental parameter that
provides information on the coagulation probability: it is related to the number of
collisions that two colliding particles must undergo before they remain definitively
stuck. Therefore, W = 1 signifies a completely unstable system, while W = 0 means
total stability. The corresponding CCC values (calculated when W reduces to 1) are
given in Table 2. These CCC data correlate properly with the mobility data at
neutral pH (see Fig. 4).
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The stability decreased when the IgG coating was increased. Although both
systems presented quite low stability (CCC with CaCl, ~10 mM), it was even lower
when the IgG load was higher. It should be noted that the total stability found with
the 1 mglgG/m? system in NaCl solutions disappeared when the IgG coating
increased up to 2.5 mglgG/m?. There is no doubt that the stability behavior of the
PhS system significantly changed when the IgG molecules were linked to the bare
PhS nanoparticles: A completely stable system in both salt solutions reduces its
colloidal stability when protein molecules are bounded on its surface. This
phenomenon has been also found when working with other nanoparticles-protein
complexes totally or partially covered by polyclonal IgG molecules [28, 33, 45].
Beduneau et al., working with lipid nanocapsules conjugated with antibody
molecules, detected an aggregation of the immuno-nanoparticles with a high
density of antibodies [10], while Koning et al. detected the same stability when a

high density of antibodies was grafted onto liposomes [34].

100 o

= 104

cacl, [mM]
Figure 6.Stability factor vs. calcium chloride concentration (mM) at pH 7.4: (M)1mg/m2IgG-
PhS; (@) 2.5 mg/m2IgG-PhS. Solid lines help to locate the CCC values, while dashed lines point
to the CSC data.

Once the stability was evaluated in simple pH 7.4 media, it was analyzed in

the cell-culture medium (DMEM) supplemented with FBS, used to develop the 7
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vitro uptake experiments in order to ensure that our different nanosystems preserve
their colloidal stability in this complex medium. Figure 7 shows the time evolution
of optical absorbance when nanocapsules were introduced in the cell-culture
medium. The absorbance remained constant, indicating that no aggregation took
place. Taking into account the CSC values shown in Table 2, the high stability of all
our LNC systems in this culture medium must be governed by the intrinsic
hydrophilic character of their respective surfaces, since DMEM is a medium
enriched with different cations that strengthen hydration forces enough to keep all

of our nanoparticles stable.
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Figure 7. Aggregation kinetics of the ((J) EPL, (O) CS, (A) PhS, (W) PhS-1mg/m?IgG, and (@)
PhS-2.5mg/m?IgG nanocapsules when immersed in DMEM medium supplemented with FBS.

The final experiments were focused on analyzing the uptake of our
different nanocapsules by a cancer-cell line (MCF-7). To quantify this cell uptake,
we worked with nanocapsules loaded by Nile Red. The presence of Nile Red in the
oily core of our nanopatticles was previously checked by means of fluorescent
measurements. It should be noted that Nile Red presents a very different emission
fluorescent spectrum as a function of the medium in which it is dissolved [46].

Figure 8 shows the emission fluorescent spectrum of the different nanoparticle
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systems. For all of them, the spectrum was similar to those found for Nile Red
dissolved in olive oil. Comparing these results with the Nile Red emission spectrum
dissolved in an aqueous solution, we found that the presence of this fluorescent
molecule in the hydrophobic oil core of our LCN was, therefore, clearly confirmed.
On the other hand, as expected, the encapsulation of Nile Red hardly changed the
size or charge of LNC.

Intensity (cps x 10°%)

04
550 575 600 625 650 675 700

Wavelength (nm)

Figure 8. Emission spectrum of Red Nile in olive oil and water, and inside different
nanopatticles: EPI (pink line); CS (blue line); PhS (green line); olive oil (orange line) and water
(grey line).

The cell uptake of these fluorescent nanocapsules was analyzed by flow
cytometric assays. Figure 9 shows the fluorescence intensity of the cell cultures
containing different nanosystems after 30 min and 2 h of incubation time. The
results led us to perform a quantitative analysis of the different nanocapsules,
showing that the internalization efficacy was significantly changed by the nature and
properties of the different shells. A combination of surface charge and
hydrophilicity plays the major role in affinity in the endocytosis pathway [47].

Results with CS nanocapsules showed the highest fluorescent intensity, in
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agreement with the enhanced mucoadhesion properties reported for chitosan
nanosystems [9, 48]. The lower fluorescent response observed with the EPI and
PhS systems appeared to be related both to the negative surface charge of these
nanocapsules as well as to the hydrophilic character provided by poloxamer
molecules —which produce more biocompatible systems but at the same time
reducing their cellular uptake [10, 49]. The higher hydrophilicity of the PhS surface
(which presents an enriched Pluronic F68 layer according to the mobility and
stability data) could be responsible for the low fluorescent intensity shown by these

nanocapsules in comparison with the EPI ones.

V27Z) 30 min
#0001 R 120 min

3000

2000 —

Fluorescence Intensity PE-A

1000 +

Control CS FS1
Nanosystem

Figure 9. Relative fluorescent intensity of the MCF7 cell line when incubated with Nile-Red-
loaded nanocapsules for 30 min and 2 h. Control refers to that incubation performed only with

cells.

Finally, Figure 9 also shows an increment of the fluorescence intensity
when the IgG coverage increased. Since our aCRP-IgG molecules did not recognize
any specific ligand of the cell membrane, a change in the cell uptake of immuno-
nanocapsules with regard to the bare nanocapsules must have been caused by both

the surface charge and hydrophilic characteristics, which in turn were modulated by
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the protein coating. Actually, the results agree with the surface characteristics
discussed above for our immuno-nanocapsules, considering their electrophoretic
and stability behavior. That is, the electric charge and hydrophilic character
decreased when the amount of bounded IgG was increased, yielding to a situation

in which the LNC endocytosis was enhanced.

Conclusions

The present work constitutes basic research aimed mainly at analyzing
certain surface characteristics (i.e. charge and hydrophilicity) of different lipid
nanocapsules. Colloidal properties of a novel LNC system, in which the shell was
enriched by carboxyl groups supplied by phosphatidyl-serine molecules, was
compared to two standard LNC systems: an anionic one formed by Epikuron and

Pluronic F68, and a cationic system coated by chitosan.

Electrokinetic mobility and classical studies of colloidal stability lead us to
conclude that the incorporation of Pluronic F68 on the PhS shell was higher than
in the EPI case. Additionally, the original PhS surface was successfully modified by
linking (covalently) IgG molecules. The presence of these antibodies conferred
specific recognition properties to these nanocapsules, showing clear binding of a
specific antigen (CRP). In addition, the adhered antibody layer altered the original
surface properties of the bare PhS patticles, since both sutrface charge density and

hydrophilicity were reduced by the IgG coating.

With regard to the cell-culture incubation studies, all our systems were
colloidally stable in the incubation medium thanks to the stabilizing role played by
the hydration forces. The cellular uptake was modulated by the surface
characteristics of the LNC, and the highest uptake was found with the CS cationic

particles, while the lowest intracellular incorporation was found with the most
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hydrophilic negative surface (PhS). In the latter case a great amount of poloxamer
molecules existed in the outer shell, hampering such uptake. In summary, we have
developed a novel LNC system capable of linking antibodies by using a simple
procedure yielding to active immuno-nanocapsules that may be useful for future

potential applications in anti-cancer therapies.
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Abstract

In the field of cancer therapy, lipid nanocapsules based on a core-shell
structure are promising vehicles for the delivery of hydrophobic drugs such as
docetaxel. The main aim of this work was to evaluate whether the docetaxel-loaded
lipid nanocapsules improved the anti-tumor effect of free docetaxel in breast cancer
cells. Three docetaxel-loaded lipid nanocapsules were synthesized by a solvent
displacement method. Cytotoxic assays were evaluated in breast carcinoma (MCF-
7) cells treated with the sulforhodamine B colorimetric method. Cell cycle was
studied by flow cytometry and Annexin V-FITC, and apoptosis was evaluated by
using propidium iodide assays. The anti-proliferative effect of docetaxel appeared
much earlier when the drug was encapsulated in lipid nanoparticles than when it
was free. Docetaxel-loaded lipid nanocapsules significantly enhanced the decrease
in ICsp rate, and the treated cells evidenced apoptosis and a premature progression
of the cell cycle from G(1) to G(2)-M phase. The chemotherapeutic effect of free
docetaxel on breast cancer cells is improved by its encapsulation in lipid
nanocapsules. This approach has the potential to overcome some major limitations
of conventional chemotherapy and may be a promising strategy for future

applications in breast cancer therapy.
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1. Introduction

Breast cancer is the most common malignant tumor and the first cause of
morbidity and mortality among women worldwide [1, 2]. The past century
witnessed the maturation of chemotherapy as a viable, adjuvant therapeutic
modality for the treatment of cancer. Furthermore, in the case of breast disease,
there have been advances in its early detection as well as in surgery, radiotherapy,
hormone therapy. The majority of women (>75%) with breast cancer are diagnosed
at an early stage or are operable [3], and these patients require adjuvant

chemotherapy to reduce the risk of recurrence [4-5].

Taxanes (paclitaxel or docetaxel) are active cytotoxic agents that promote
the polymerization of tubulin and the stabilization of microtubules by preventing
their disassembly. Adjuvant chemotherapy with taxanes reduces the risk of cancer
recurrence and death in patients with early or operable breast cancer and has shown
benefits in patients with high-risk, node-negative breast cancer. However, although
these novel chemotherapeutics have led to improvements in sutrvival, they are
associated with numerous drug-related toxicities [6]. Thus, docetaxel has been
associated with a significant increase in neutropenia, febrile neutropenia,
leucopenia, stomatitis, edema, fatigue and/or asthenia, and diarrhea [6]. These
effects are due in part to the high doses used to achieve the desired anti-tumor
effect, which are necessary because of the non-specific distribution of both novel
and traditional chemotherapies, with only a small fraction of drugs reaching the

tumor.
It is well known that injected materials suffer from sequestration by the

reticuloendothelial system, a system comprised of monocytes and macrophages that

clear foreign materials [7]. The drugs can accumulate in healthy organs, and there is

115



4. Results. Paper 11

a fine line between tolerability and severe morbidity, e.g., in the case of
doxorubicin, a DNA intercalator that produces cardiotoxicity [8]. Moreover, the
commercial formulation of docetaxel, Taxotere®, is formulated with a high
concentration of Tween 80 (40 g/L), which has been found to have severe side
effects, including hypersensitivity reactions, cumulative fluid retention, and nausea
and has shown incompatibility with commonly used polyvinyl chloride intravenous
administration sets [9]. Taken together, these factors compromise the curative
potential of anticancer drugs, and more effective methods for their delivery to

tumors are required [10].

Therefore, novel therapeutic approaches and alternative formulations of
docetaxel with no (or low concentration) of Tween 80 are urgently needed to
improve the efficacy of treatment in breast cancer patients with a poor prognosis.
In this context, liposomes and polymer-drug conjugates were developed in the
1960s and 1970s [11] in attempts to apply Paul Ehrlich’s “magic bullet” concept to
chemotherapy [12]. These are now mainstay platforms in nanomedicine, a
multidisciplinary field that aims to utilize nanoscale (1-100 nm) constructs to

improve the delivery of chemotherapeutics [13].

Primarily, these carriers assist in drug solubilization and protect the drug
from degradation. Their nanoscale size range and the frequently ubiquitous
presence of poly (ethylene glycol) (PEG) or Pluronic ® F68 on their surface aids
evasion of the reticuloendothelial system, allowing drugs to accumulate in tumors
through enhanced permeability and retention, the result of tumor blood vessel
leakiness [14-15]. Lower sequestration rates in healthy organs coupled with higher
accumulation and retention rates in tumors would improve the effectiveness of
treatments and minimize adverse effects. Lipid nanocapsules based on a core-shell
structure are promising vehicles for the delivery of hydrophobic drugs such as

docetaxel.
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The main aim of this work was to evaluate whether docetaxel-loaded lipid
nanocapsules improve the anti-tumor effect of free docetaxel in MCF-7 breast
cancer cells. Indeed, we found a greater reduction in ICsy rate when the docetaxel
was encapsulated in lipid nanoparticles, with evidence of apoptosis and a premature

cell cycle progression from G(1) to G(2)-M phase.

2. Experimental section

Cell Lines and Culture Conditions

The human breast cancer MCF-7 cell line was grown at 37°C in an
atmosphere containing 5% CO; with Dulbecco’s modified Eagle Medium (DMEM)
(Gibco, Grand Island, NY, USA) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS) (Gibco) 2% L-glutamine, 2.7% sodium bicarbonate, 1%
Hepes buffer, and 1% penicillin/streptomycin solution (GPS, Sigma).

Lipid Nanocapsule Preparation

Lipid nanosystems were prepared and characterized as described in [16].
Three systems were formulated: EPI nanocapsules, with surface shell composed of
Epikuron and Pluronic® F68; CS nanocapsules, with shell of Epikuron and chitosan
oligomers; and PhS nanocapsules, with shell of phosphatidyl-L-serine and Pluronic®
F68. For nanosystem characterization, the average size was determined by combining
a  high-performance-particle-sizer technology with a non-invasive-backscattering
method, in which the measurement is taken at an angle of 173°. A Zetasizer-Nano
analyzer (Malvern Instruments, UK) was used to measure the electrophoretic
mobility (u). Zeta potential was calculated from this experimental magnitude in

physiological medium conditions.
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Fluorescent lipid nanocapsules were formulated by dissolving Nile Red in
the olive oil phase at a concentration of 0.025% (w/w). Encapsulation of this
fluorescent molecule was confirmed by wusing a SPEX Fluoromax-2
spectrofluorometer. Emission fluorescence spectra were determined from 550 to
700 nm at excitation wavelength of 485 nm, with a scanning speed of 100 nm/min

and wavelength accuracy of £1 nm.

Docetaxel-loaded lipid nanocapsules were formulated by dissolving
docetaxel in the olive oil phase at a concentration of 0.1% (m/w). The
encapsulation efficiency was calculated by HPLC at the Scientific Instrumentation
Center of the University of Granada, using a SHIMADZU LC-20AC
chromatograph with SPD-M20A diode array detector and C8 Nova-Pak Cartridge
column (4 microns, 4.6 X 150 mm); detection was performed at a wavelength of

230 nm.

Uptake Studies

MCF-7 cells (5 X 104 were seeded into 24-well plates under the culture
conditions detailed above. After 24 h, cells were fed with fresh medium and treated
with Nile Red nanocapsules. Cells were incubated with Nile Red labeled particles for 1
h and 5 h and then washed twice with acidic phosphate saline buffer (PBS) to remove
free nanocapsules. Fresh PBS was added and living cells wete analyzed by fluorescent
microscopy (Nikon Eclipse Ti-S). Cells treated with empty nanoparticles were used as

controls.
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Cytotoxicity Assays in vitro

MCF-7 cells (1 X 103) were plated into 24-well plates under the culture
conditions detailed above. The cells were fed with fresh medium and increased
concentrations of free and encapsulated drug every alternate day up to the end of
the experiment. After 6 days of treatment, cells were counted using sulforodamine-
B (SRB) colorimetric assay as previously described [44] using a Titertek Multiscan
apparatus (Flow, Irvine, California) at 492 nm. We evaluated the linearity of the
SRB assay with cell number using stock MCF-7 cells before each cell growth
experiment. ICso values were calculated from semi-logarithmic dose-response
curves by linear interpolation. All experiments were plated in triplicate wells and

were carried out at least twice.

Apoptosis Detection by Staining with Annexcin V-FITC and Propidium lodide

The Annexin V-FITC Apoptosis Detection kit I (Pharmingen, San Diego,
CA, USA) was used to detect apoptosis by flow cytometry. MCF-7 cells (5 X 10
cells) were plated onto 24 well plates and cultured overnight, followed by
incubation with 1Cs values of free or encapsulated docetaxel for 24 h. Cells were
harvested by PBS-EDTA, washed twice in cold PBS (1.4 M NaCl, 27 mM KCl, 100
mM KH;PO4/KHPO4, pH 7.2), and pelleted by centrifugation at 500 g for 10
min. They were then resuspended at 106 cells/100 pL in a binding buffer (Hepes
buffer, 10 mM, pH 7.4, 150 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1.8 mM CaCl),
stained with annexin V incubation reagent (1 uL annexin V-FITC (25 pg/mlL), 10
ul. binding buffer, 10 ul. PI (50 pg/mL), and 79 pl. H2O) and incubated in the
dark for 15 min at room temperature. Then, 500 uL binding buffer was added and
the cells (10,000 cells per sample) were immediately analyzed using a FACScan flow
cytometer (Becton Dickinson, San Jose, CA, USA). All experiments were

performed in triplicate and yielded similar results.

119



4. Results. Paper 11

Cell Cycle Distribution Analysis

Cells at 70% of confluence were treated with the half maximal inhibitory
concentration (ICso) of free or encapsulated docetaxel. Cells in monolayer culture
were harvested, washed twice with sample buffer (100 mg glucose; 100 mL PBS
without Ca?* or Mg2*), and fixed in 70% (vol/vol) cold ethanol for up to 1 week.
Cells were pelleted, washed once with sample buffer, and resuspended in PI
solution (50 pg/mL PI, 0.5 mg/mL RNase in sample buffer, pH 7.4) for 30 min in
the dark. Fluorescence activated cell sorting (FACS) analysis was performed after
24 h of treatment. All experiments were performed in triplicate and yielded similar

results.

3. Results and Discussion

In cancer therapy, most proposed formulations present certain drawbacks
related to low drug loading, toxicity, and/or an unsuitable release pattern [17].
Furthermore, as previously noted, docetaxel is formulated using Tween 80
(polysorbate 80) and ethanol (50:50, v/v), and acute hypersensitivity reactions have
been noted in the majority of patients treated in phase I clinical trials, [18—20]. Fluid
retention and hypersensitivity, among other reactions, are also associated with some
other drugs with Tween 80 in their formulation [17]; therefore, this excipient may be
partially responsible for some of the toxic effects observed with docetaxel [21, 22].
An ideal formulation should provide biocompatible nanosized particles and high drug
loading with sustained-release characteristics, allowing drug release in the target site at
a therapeutic concentration, thereby minimizing drug inefficiency and adverse effects.

Various approaches have been investigated in this line [21, 23, 24].
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In the present study, we reformulated docetaxel in a better-tolerated and less-
toxic vehicle to avoid premedication with corticosteroids and antihistamines, which is
usually prescribed to reduce adverse reactions associated with docetaxel in Tween 80.
Three previously obtained and characterized nanocapsule systems (16) were used to
encapsulate docetaxel. All of them have a hydrophobic core constituted by olive oil,

but they differ in their shell components.

The shell of the simplest system (EPI), with an average diameter of 170 £ 20
nm, comprised a mixture of phospholipid molecules (Epikuron) and a poloxamer
(Pluronic® F68), which both act as colloidal stabilizers. Pluronic® FG68 possesses the
capacity to avoid opsonin adsorption, thereby preventing the triggering of a cascade
of immune system reactions that would eliminate the nanocapsules from the
bloodstream [15]. Furthermore, because this poloxamer is not toxic, it can be used in

nanoemulsions for the release of drugs and genes [25].

A second system (CS), with an average diameter of 330 * 30 nm, was
formulated by replacing the poloxamer with chitosan oligomers. Chitosan is a
polysaccharide obtained from the deacetylation of chitin, which is a structural element
of the exoskeleton of crustaceans. It is hydrophilic, biocompatible, and biodegradable
and has low toxicity, and its effectiveness as an adsorption-enhancing agent has been

demonstrated by vatious authors [26].

Finally, a third formulation (PhS), with an average diameter of 210 * 20 nm,
was designed to create a nanosystem in which Epikuron was replaced with
phosphatidyl-serine, producing a carboxyl-functionalized nanosystem that offers the
possibility of the efficient attachment of antibody molecules for future vectorization

purposes [10].
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The surface electrical state of the different nanocapsules was analyzed by
measuring their electrophoretic mobility as a function of the pH in low ionic strength
media. Electrophoretic mobility is an experimental parameter directly related with the
zeta potential and the surface potential, which is dependent of the surface
composition and the salinity and pH of the medium. The zeta potential values at
neutral pH agree with the nature of the shell of the nanocapsules showing a positive
sutface charge (16.3 mV) for CS nanosystem, and a negative surface charge for EPI

and PhS nanosystems (—56.4 mV and —44.4 mV respectively).

Uptake Analysis

Fluorescence microscopy studies were conducted to test the intensity of
uptake by MCF-7 cells of the encapsulated Nile red. The uptake was significantly
faster for Nile Red-CS nanocapsules than for the other two types. After only 1 hr, CS
particles showed the highest uptake, followed by EPI and then PhS particles (Figure
1). Uptake increased with longer incubation time, preserving these differences among
particles until 5 hours, when the cells showed the same amount of fluorescence, and
no differences among the three types of nanoparticles could be detected. At 3 hours
of incubation, the Nile red was localized in the cytoplasm of cells (Figure 1),
indicating that these nanosystems are effective vehicles to transport the molecules
within MCF-7 cells by endocytosis and can avoid efflux by cell membrane MDR
transport proteins such as p-glycoprotein (P-gp) [25,27,28].

The variation in internalization among the different nanoparticles may be
attributable to a combination of surface charge and hydrophilicity, which play a major
role in affinity in the endocytosis pathway [29]. The CS nanocapsules showed the
highest fluorescence intensity, telated to their positive supetficial charge, which
increases the affinity between nanoparticle and negatively-charged cell membrane

[30]. This finding is consistent with the enhanced mucoadhesive properties reported
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for chitosan nanosystems [31,32]. The lower fluorescence response observed with the
EPI and PhS systems appears attributable to the size and negative surface charge of

these nanocapsules as well as to the hydrophilic nature of the poloxamer molecules,

Figure 1. MCF-7 cells treated with: Nile Red- EPI nanocapsules for (a) 1 h and (b) 3 h; Nile Red-
CS nanocapsules for (¢) 1 h and (d) 3 h (f); or Nile Red- Phs nanocapsules for () 1 h and (f) 3 h;
(2) Localization of Nile Red in the cytoplasm; the cell nucleus is stained with DAPI; (h) Blank: cells

treated with empty nanocapsules. (a, c, e, f and g: x40 magnification; b, d: x 20 magnification).
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which produce systems that are more biocompatible but have a lower cell uptake [33,
34]. The lower fluorescence intensity of PhS zersus EPI nanocapsules may be
attributable to the lesser hydrophilicity of the former. Nevertheless, given that these
differences disappear after 5 hours of treatment, all three systems achieve similar

uptake efficacy (data not shown).

Synthesis, Encapsulation Efficiency, and Cytotoxicity Assays of Docetaxel-Ioaded

Nanoparticles

Docetaxel-loaded nanoparticles were prepared by using a solvent-
displacement technique. For encapsulation, docetaxel was dissolved in olive oil from
the organic phase of the emulsion before it was mixed with the aqueous phase. High-
petformance liquid chromatography (HPLC) study of the encapsulation efficiency of
docetaxel showed that the organic phase of CS, EPI, and PhS nanoparticles

contained 86%, 80%, and 80% of the drug, respectively.

In cytotoxicity assays, MCF-7 cells were treated with free docetaxel or
increasing concentrations of the different docetaxel-loaded nanocapsules for 6 days,
followed by calculation of the inhibitory concentration 50 (ICsp) in each case. No
significant differences in growth patterns were found between parental MCFE-7 cells
and MCF-7 cells treated with empty CS, EPI, or PhS nanoparticles (data not shown).
With equivalent drug loading in the culture medium, a markedly lower proliferation
rate was observed in the MCF-7 cells treated with docetaxel-loaded nanoparticles
than in the parental MCF-7 cells treated with free docetaxel (Figure 2). A 20 nM dose
of free docetaxel had no cytotoxic effect on cells, whereas 20 nM of docetaxel-loaded
CS, EPI, or PhS nanoparticles induced a significant decrease of 94.65%, 89.27%, or
51.01%, respectively, in their survival rate (P < 0.001) (Figure 2A). ICsp values were
45 nM for free docetaxel, 9 nM for docetaxel-loaded CS and EPI nanoparticles, and 20
nM for docetaxel-loaded PhS nanoparticles (Figure 2B).
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Figure 2. (A) Growth-in hibition curves of MCF-7 cells after 6 days of exposute to free docetaxel
and to the three docetaxel-loaded nanoparticles (EPI, CS and PhS). Values are the mean of four
independent experiments; (B) ICsy values (drug concentration producing 50% reduction in
absorbance in control cells) of free docetaxel and the three docetaxel-loaded nanoparticles,

expressed in nM and estimated as described in Matetial and Methods. * statistically significant.

Recent studies reported similar effects with high-dose docetaxel in oily core
nanocapsules. Youm ¢t a/. [35] observed that the bioactivity against SUM 225 cells was
higher for free versus encapsulated docetaxel at lower concentrations (2.5 uM) but

was significantly higher for the encapsulated form at the highest concentration (5
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uM). Likewise, Li ¢f a/. [36] found that cell death was greater in drug-resistant MCF-
7/ADR cells when doxorubicin was delivered in LA-TPGS nanoparticles at high
drug concentrations. Importantly, EPI, CS, and PhS nanocapsules described in the
present study induced high cell death levels even at low concentrations, exerting a
tive-fold (EPI and CS) and 2.26-fold (PhS) more potent cytotoxic effect versus free
docetaxel. These data indicate that the sustained release of the drug and its
enhanced drug internalization by MCEF-7 cells when in this nanocapsule
formulation may increase the biological response to docetaxel and allow a decrease

in the dose, thereby reducing its side effects.

Apoptosis Determinations and Cell Cycle Analysis

Apoptosis is considered the main cell death mechanism in response to
taxanes. Docetaxel targets tubulin, stabilizing microtubules and thereby inducing cell-
cycle arrest and apoptosis [37]. We therefore studied these well-documented effects
on cell cycle distribution and apoptosis in the tumor cells. When undergoing
apoptosis, cells externalize phosphatidylserine, a lipid found on the inner surface of
the cell membrane that can be labeled with fluorochrome-conjugated annexin V. It is
therefore possible to distinguish between intact cells (stained negative for both
annexin V-FITC and propidium iodide [PI]), early apoptosis (stained positive for
annexin V-FITC and negative for PI), late apoptosis or cell death (stained positive for

both annexin V-FITC and Pl), and necrosis (stained positive for PI).

Our flow cytometry study with annexin V assay showed that 94.30% of
control MCF-7 culture cells were viable, 1.05% were eatly apoptotic, 0.35% were in
late or final stages of apoptosis, and 4.30% were necrotic (P < 0.001) (Figure 3). No
significant differences versus control cells were found in MCF-7 cells treated for 24
hours with empty nanoparticles (data not shown). No apoptosis was detected in

cells treated with 45.2 nM free docetaxel for 24 h. Significant apoptosis levels were
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observed in cells treated with docetaxel-loaded nanoparticles, and the highest

apoptosis level (16.19%) was in the cells treated with 9.1 nM of EPI docetaxel-

loaded nanoparticles

(Figure 3 a-e).
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Figure 3. Quantification of docetaxelinduced apoptosis in MCF-7 cells by flow cytometry (a, b, c,

d and ¢) and confocal laser scanning microscopy (f, g, h, i, and j). Cells were incubated with free

docetaxel or docetaxel-loaded EPI, CS, or PhS nanoparticles for 24 h. Untreated cells served as

controls. Cells were stained with annexin V and PI to evaluate apoptotic cell death (see Materials

and Methods): (a and f) MCF-7 control cells, (b and g) free docetaxel, (c and h) docetaxel-loaded

EPI, (d and i) docetaxel-loaded CS, (e and j) docetaxel-loaded PhS. On confocal laser scanning,

eatly apoptosis (stained positive for annexin V-FITC and negative for PI), late apoptosis or cell

death (stained positive for both annexin V-FITC and PI) and necrosis (stained positive for PI)

can be observed; viable cells are not visible (stained negative for both annexin V-FITC and PI).

Data are representative o

f four separate experiments.
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The confocal microscopy study confirmed these results (Figure 3f). In
fact, it is known to be difficult to demonstrate programmed cell death by known
apoptosis-inducing agents in the MCF-7 human breast cancer cell line, and only a
few cytotoxic agents have been found to act preferentially »iz an apoptotic

mechanism in human breast cancer cells [38, 39].
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Figure 4. Representative flow cytometry profiles of the cell cycle phase distribution of MCF7
cells (A, B). Cells were incubated with free docetaxel or docetaxel-loaded EPI, CS, or PhS
nanoparticles for 24 h. Untreated cells served as controls. Cells were subsequently fixed and
stained with propidium iodide for DNA content analysis. Data are representative of four

separate experiments.
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It has also been reported that docetaxel acts at molecular level by impairing mitosis
and inducing cell-cycle arrest [40]. We performed flow cytometry studies to
determine differences in cell cycle distribution among the treatments. Figure 4
depicts the results of treating MCF-7 cells for 24 horus with free or nanocapsule-
loaded docetaxel at ICso values. All treatments induced accumulation in G2/M and
S phases, with a significant decrease in Go/G1 phase versus control cells. The
accumulation was significantly greater in cells treated with docetaxel-loaded
nanoparticles than in cells treated with the free drug (Figure 4). The rapid decrease
in cell cycle progression, evidenced by the increased percentage of cells in S and
G2/M phase, is in agreement with previous reports that docetaxel treatment

induces a G2 cell cycle buildup in several cell lines, including MCF-7 [41-43].

Conclusions

In conclusion, our three lipid core-shell nanocapsules appear to be
excellent platforms for the encapsulation and delivery of docetaxel into human
cancer cells, especially in cancers that are drug-resistant through efflux pump
activity. Our carriers, especially the CS and EPI nanoparticles, favor a fast and
efficient uptake of the encapsulated drug into tumor cells. Moreover, the
encapsulated docetaxel maintained its full activity and preserved its mechanism of
action, characterized by apoptosis and premature cell cycle progression from G(1)
to G(2)-M phase. Our results suggest that the use of lipid nanocapsules may allow
doses of docetaxel to be decreased without loss of therapeutic effect, thereby
reducing the drug toxicity. It also avoids any adverse effect of excipients (e.g.,
Tween 80), and may constitute a promising strategy for future applications in breast

cancer therapy.
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Abstract

In this study, the synthesis and characterization of lipid nanocapsules
coated with folate—chitosan conjugates at varying folate concentrations are
reported; these nanocapsules have a potential application as anticancer drug
carriers. The main goal of this study was to evaluate (a) the colloidal stability of the
particles and (b) their cell targeting. A classical colloidal characterization of the
nanocapsules was carried out by analyzing size, electrokinetic charge, and stability in
different saline solutions, including cell culture media. At neutral pH, the stability
was improved by the presence of folate due to electrical interactions. In addition,
folate modulated the hydrophilic/ phobic nature of the surface, which became
critical to keep the systems stable (or not) under physiological saline conditions due
to the action of short-range repulsive hydration forces. The cellular uptake of our
nanocapsules was evaluated by working with four tumor cell lines. Both fluorescent
analyses with particles colored by Nile Red, and antitumor activity of our systems
loaded with docetaxel, demonstrated that the folate-mediated internalization of the
particles in the cancer cells was improved when the nanocapsules were coated by

folate—chitosan conjugates.
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1. Introduction

In recent years, many nanosystems with functional properties have been
developed and used in a broad range of bioapplications: tissue engineering [1],
vaccine, drug, and gene delivery [2—0] as well as diagnosis and therapeutics [7,8]. An
exciting challenge for science today is to formulate intelligent antitumor drug
nanocarriers. If targeted nanoparticles could deliver a drug directly to cancer cells, it
would render better efficacy and less toxic side effects for chemotherapy patients
[9-11]. This challenge is interdisciplinary, since physicists, chemists, biologists,
pharmacologists, and so on must closely collaborate to develop such ideal colloidal

delivery systems.

Among the different colloidal systems used for biological applications,
cationic nanocapsules are promising. The hydrophobic core serves as a reservoir for
hydrophobic drugs, protecting the content duting transport to the target cell [12].
The hydrophilic shell can be modified physicochemically to have desirable
properties, such as targeting or the evasion of scavenging by the mononuclear

phagocyte system [13].

Additionally, the cationic charge favors an easy approach to cell
membranes for rapid internalization. Although artificial cationic lipids have
previously been used in the synthesis of cationic nanocapsules, the current tendency
is to use natural biocompatible substances. Chitosan seems to have a strong
potential applicability in pharmaceutical and medical areas for its accessibility (it is
the second most plentiful biomass produced by deacetylation of chitin), low cost,
and biological properties such as biocompatibility, biodegradability (under certain
conditions), low toxicity, and mucoadhesivity. Also, it is hemostatic, bacteriostatic,
fungistatic, anticarcinogenic, and anticholesteremic, [14] without inducing allergic

reactions or immunorejections. There is a plethora of articles in which chitosan is
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used as a surface component in drug delivery systems. The abundance of free
amino groups in its linear structure promotes ionic cross-linkage with multivalent
anions to form nanogels [18,19], allowing chemical links with different molecules
that may act as vectors. For example, folate can be conjugated to chitosan to

achieve targeting properties.

The folate conjugation to chitosan may improve gene transfection or drug—
cell internalization efficiency due to promoted uptake of folate receptor-bearing
tumor cells. Folate receptors, though overexpressed in various cancer cells, are
rarely found on the normal cell surface or are located at the apical surfaces of
polarized epithelia [20]. Also, folate conjugates covalently derived via their y-
carboxyl group can retain the high-affinity ligand-binding property of folate and the
kinetics of cellular uptake of conjugated folate compounds by folate receptors
resemble to those of free folate [21]. Different studies have reported on folate-
mediated targeting of antitumor drugs and genes by conjugating folic acid onto
polymeric micelles [22], macromolecules [23], nanoparticles [10,11,24] and
liposomes.[25] Other folate conjugates such as protein toxins, chemotherapy or
radioimaging agents, anti-T-cell receptor antibodies, and gene-transfer vectors have
also demonstrated receptor-specific delivery properties [20]. However, conjugation
between chitosan and folic acid to create effective targeted drug delivery vehicles
has been developed only in recent years [26—-29] and oily core—shell nanocapsules
coated with chitosan—folate conjugates have still not been reported, being a novel

colloidal system in need of evaluation.

The development of colloidally stable nanosystems is a prerequisite for
successful drug delivery in biological media. The poor solubility of both chitosan
and folic acid at neutral pH might compromise nanocapsule stability in
physiological fluids, once such nanostructures are coated with folate—chitosan

conjugates. The inherent hydrophobic nature of folic acid clashes with the
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hydrophilic character of chitosan. Therefore, a special effort to analyze and explain
the forces acting between these kinds of particles, that is, forces responsible for
preventing or provoking spontaneous aggregation of the system. In addition to the
two classical forces described by the well-known Derjaguin—Landau—Verwey—
Oberbeck (DLVO) theory (i.e. the repulsive one coming from electrostatic
interactions and the attractive one arising from London—van der Waals
interactions), there is a key repulsive interaction that should be taken into account:
the short-range hydration force. In previous studies on nanocapsules coated by
chitosan molecules with different properties (i.e. molecular weight and degree of
acetylation) [30,31] we demonstrated that hydration forces are crucial in the stability
of such systems when immersed in simulated biological fluids. This hydration force
is a structural interaction that gives anomalous stability to many hydrophilic colloids
in aqueous media with moderate or high ionic strength [32-36]. Microscopically, it

arises from the structure of water molecules as well as hydrated ions located near

hydrophilic surfaces [37-39].

Within this scenario, this article focuses on the synthesis and
physicochemical characterization of core—shell nanocapsules coated by folate—
chitosan conjugates, paying special attention to their colloidal stability in different
saline media. In addition, these nanocapsules are evaluated in vitro by analyzing
their uptake by four different cancer cell lines (A549, MCF-7, HT-29, and Caco-2),
three of which overexpress folate receptors. To determine their targeting and
uptake efficiency, we quantified their fluorescence emission as well as antitumor
activity by working with Nile Red and docetaxel-loaded nanocapsules, respectively.
Both substances are hydrophobic and thus adequate to be encapsulated inside our
particles. The hydrophobic fluorescent stain Nile Red is a solvatochromic dye with
absorption bands that vary in shape, position, and intensity, depending on the
nature of the solvent [40]. Docetaxel, a well-known anticancer drug, has been

successfully encapsulated in lipid nanocapsules [41], since it is poorly water soluble.
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It is a potent taxane that inhibits microtubule polymerization/depolymerization and
cell replication. To reduce the side effects of this cytotoxic agent for better
tolerance to treatment, recent approaches have aimed at reformulating docetaxel

with recently developed colloidal carriers [41].

2. Materials and methods

Reagents

The nanocapsule hydrophobic core was constituted by olive oil (Sigma,
Madrid, Spain) purified by stirring with ionic interchange resins—activated
magnesium silicate, Florisil (Fluka, Madrid, Spain) — at room temperature for 3 h
and subsequent centrifugation. The first shell layer was composed of Epikuron
145V, a deoiled wax-like phosphatidylcholine-enriched fraction of soybean lecithin,
kindly donated by Cargill (Barcelona, Spain). Protasan® C1 113, a medium-
molecular-weight chitosan chloride salt with a deacetylation degree of 85%, was
supplied by FMC BioPolymer NovaMatrix (Sandvika, Norway). Folic acid and
phosphate-buffered saline (PBS) were purchased from Sigma. Different salts used
to prepare buffered solutions for electrophoretic mobility measurements or for
colloidal aggregation studies were of analytical grade and purchased from Sigma,
Merck (Madrid, Spain), and Scharlau (Barcelona, Spain). Deionized Milli-Q water

was used throughout the experiment.
Synthesis and purification of folate-chitosan conjugates
The conjugation process was described by Dube et al. [42], although these

authors did not use chitosan; they used a copolymer of N-isopropylacrylamide and

amino-N-ethylenedioxy-bis(ethylacrylamide) instead. Briefly, in our case, a solution
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of folate (FOL) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(ECDI) at molar ratio of 1:1.2 in anhydrous dimethyl sulfoxide (DMSO) was
prepared and stirred at room temperature until folate was definitively dissolved. It
was then added to a solution of 0.5% (w/v) chitosan (CS) in acetate buffer (0.1 M,
pH 4.7) and stirred in the dark for 16 h. The resulting product was precipitated by
drop addition of diluted NaOH up to pH 9.0, followed by centrifugation at 2500
t/min for 10 min at room temperature. The precipitate was purified by suction
filtration using a Buchner funnel. Folate—chitosan conjugates were then washed
thoroughly using diluted aqueous NaOH and finally deionized water. The product

was vacuum-dried at room temperature for 48 h.

Two conjugates with different folate/chitosan ratios (0.1% and 0.2% w/w)
were formulated, referred to as CS-FOL-1 and CS-FOL-2, respectively. The yield
of the coupling was determined, after calibration, by measuring the intensity of
absorbance at 285 nm of the formulations being 73.9% for CS-FOL-1 and 63.25%
for CS-FOL-2. The presence of folate residues successfully conjugated to the
chitosan backbone was confirmed by proton nuclear magnetic resonance ({HNMR)
in the Scientific Instrumentation Centre, Granada University (Spain) using a diluted

deuterium acetic acid solution as a solvent.

Nanoparticle Preparation

Nanocapsules were prepared following a procedure originally developed by
Calvo et al. [43], slightly modified to avoid any poloxamer in the formulation; this
omission was explained in Ref. [30]. Briefly, 40 mg of Epikuron 145V was dissolved
in 500 pL of ethanol, 125 pL of olive oil were added, and then 9 mL of acetone.
Subsequently, this organic phase was poured under agitation into 20 mL of an
acidulated aqueous solution containing pure chitosan or the folate—chitosan

conjugates (0.5 mg/mlL). Nanocapsules were formed immediately, as the solution
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rapidly turned milky after mixing the organic and aqueous phases. Organic solvents
(acetone and ethanol) plus a portion of the volume of water were evaporated in a
Rotavapor (Rotary evaporator, Barloworld Scientific Limited Stone, Staffordshire,
UK) at 40°C for 8 h, giving a final volume corresponding to 3/4 of the original

one.

Size and electrophoretic mobility

The hydrodynamic mean diameter of the nanocapsules was determined by
photon correlation spectroscopy (PCS), using a 4700C light-scattering device
(Malvern Instruments, Worcestershire, UK) that used a He—Ne laser (10 mW). The
light scattered by the samples was detected at 90°. The temperature was set at 25°C.
Electrophoretic mobility (#¢) was measured with a nanozeta dynamic light-
scattering analyzer (ZetaSizer NanoZ, Malvern Instruments). Our study focused on
measuring the ze values as a function of pH, maintaining a constant low ionic

strength equal to 0.002 M.

Colloidal stability

Colloidal stability was initially analyzed at neutral pH in simple saline media
(varying the salt concentration with NaCl or CaCly). From these studies we were
able to calculate the “critical coagulation concentration” (CCC) and the “critical
stabilization concentration” CSC. These parameters are fundamental in colloidal
stability studies, and the way they have been derived is explained in the introduction
of the dissertation (1.7 Colloidal stability of nanoemulsions). We encourage readers
to read it in order to clarify the information given by the CCC and CSC values

about both the charge density and hydrophilicity of the nanoparticle surface.
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In addition to measuring the colloidal stability of our nanocapsules with
NaCl and CaCly, we also evaluated stability in PBS, the cell-culture medium
(Dulbecco’s modified Eagle’s médium (DMEM)), and DMEM supplemented with
fetal bovine serum (FBS) by monitoring the hydrodynamic mean diameter of the

nanocapsules as a function of time by PCS.

Cell lines and culture conditions

Four human tumor-cell lines, MCF-7, HT-29, A549, and Caco-2, were
supplied by the Scientific Instrumentation Centre, Granada University (Spain). All
cell lines were grown at 37°C in an atmosphere containing 5% COZ2, with
Dubelcco’s modified Eagle Medium (DMEM) (Gibco, Grand Island, NY, USA)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 2% L-
glutamine, 2.7% sodium bicarbonate, 1% Hepes buffer, and 1% of
penicillin/streptomycin  solution. Three cell lines (MFC-7, HT-29 and Caco-2)
overexpress folate receptors [28, 44]. The lung-cancer cell line (A549) served as a

negative control, as it does not overexpress folate receptors in the cell membrane

[45].

Cell culture with fluorescence-labeled nanoparticles

A549, MCF-7, HT-29, and Caco-2 cells (5x10%) were seeded into 24-well
plates under the culture conditions detailed above. After 24 h, cells were fed with
fresh medium and treated with Nile Red-nanocapsules. Nanocapsules were
formulated by loading Red Nile dissolved in the olive oil at a concentration of
0.025% (w/w). The cells were incubated with Red Nile labeled particles for 1 and 4
h in media with and without free folic acid addition (5mM), respectively, and then
washed with PBS to remove free nanocapsules. Cells were harvested by PBS-

cthylenediamine-tetraacetid acid (PBS-EDTA), washed twice with cold PBS, and
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pelleted by centrifugation at 1500 r/min for 5 min. Living cells were resuspended in
PBS and analyzed for red fluorescence by flow cytometry in a FACScan (Becton
Dickinson, San Jose, CA, USA). The fluorescent pulses were analyzed by CellQuest
Pro software. Instrument settings, such as photomultiplier (PMT) voltage and
compensation, were adjusted in such a way that the difference in background

fluorescence of cells without internalized nanocapsules became insignificant.

Intracellular uptake of docetaxel-loaded nanocapsules

A549, MCF-7, HT-29, and Caco-2 cells (5x10%) were plated into 24-well
plates under the culture conditions detailed above. The cells were fed with fresh
medium supplemented with 0.1 pM of free and encapsulated docetaxel. After 24 h
of treatment, cells were counted using the sulforhodamine-B (SRB) colorimetric
assay as described in reference [46] using a Titertek Multiscan apparatus (Flow,
Irvine, CA, USA) at 492 nm. We evaluated the linearity of the SRB assay with the
cell number for each cell line stock before each cell-growth experiment. All

experiments were plated in triplicate wells and replicated at least twice.

Statistical analysis

Statistical Package for the Social Sciences (SPSS) version 7.5 (Chicago, 1L,
USA) was used for the statistical analysis in cell culture studies. The results were
compared by means of the Student’s rtest. All data are expressed as means
tstandard deviations (SDs). Differences were considered statistically significant at a

p value of < 0.05.
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3. Results

TH NMR characterization of folate-chitosan conjugates

After synthesizing and purifying the folate/chitosan conjugates the
presence of chemically linked residues of folate was corroborated by the 'H NMR
analysis. Corresponding spectra are shown in Figure 1. The signals located in the 1 -
5 ppm range are assigned to the resonance of the chitosan residue protons. Peak
assignment of the different chemical groups ate indicated in the signal appearing at
8 4.7 ppm in Fig. 1 (a) is ascribed to traces of hydrogen in the deuterated water.
This peak does not appear in Figs. 1(b) and (c) because in these cases the spectra
were obtained using a double pulsed field gradient spin-echo (DPFGSE) treatment that
removed the D0 signal. In addition, an acetic acid peak appears in the CS-FOL-1
and CS-FOL-2 samples because, although the chitosan was able to dissolved in
water, the folate-chitosan conjugates were completely insoluble in water, (which
may be considered as another experimental evidence of the effective coupling of
folate with chitosan). In these cases, addition of deuterated acetic acid in D>O (ratio
1:4) was necessary to solubilize the conjugates, and this is why an acetic peak
appears at 2.2 ppm in the CS-FOL-1 and CS-FOL-2 systems. In Figs. 1 (b) and (c),
those signals found at 7.3-8.7 ppm are attributed to the resonance of the folate
aromatic protons (29). Therefore not only the por solubility in water, but also the
'H NMR data confirm that the couple of folate residues to the chitosan was

successfully carried out via the carbodiimide method.
Characterization of nanoparticles
The synthesis procedure yielded nanocapsules with an average diameter of

approximately 300 nm: CS = 330 £ 90, CS-FOL-1 = 215 % 50, and CS-FOL-2 =
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245 + 70. The size of all the formulations (CS, CS-FOL-1, and CS-FOL-2, with or
without Red Nile or docetaxel loads) remained a constant value under the storage

conditions (pure water, 4°C) for at least four months.
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Figure 1. 1TH-NMR spectrum of (a) pure chitosan, (b) CS-FOL-1, and (c) CS-FOL-2 conjugates.

1H-NMR: proton nuclear magnetic resonance.
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Electrophoretic mobility

The electrical state of the particles was evaluated by electrophoretic
mobility ({4) measurements. Mobility as a function of pH in buffered media shown
in figure 2 indicates the same ionic strength (0.002 M). The electrokinetic behavior
of the CS sample coincided with other similar formulations shown in reference [31].
However, clear differences appear when folate is linked to the particle surface,
being the f4-shift with regard to the CS sample more significant for the CS-FOL-2

case.

e

1 x 10° (m*/Vs)

pH
Figure 2. Electrophoretic mobility versus pH in buffered media of low salinity (ionic strength
equal to 0.002 M) for the CS (squares), CS-FOL-1 (circles), and CS-FOL-2 (triangles)

nanocapsules.

Colloidal stability

The colloidal stability was initially studied in simple saline solutions.
Nanocapsules dissolved at pH 7.0 (Bis-Tris) were forced to aggregate by adding
increasing concentrations of NaCl and, independently, CaCl,. The aggregation
kinetics enabled us to analyze the stability factor “W” as a function of the

electrolyte concentration (Figure 3), and the corresponding CCC and CSC values
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were determined (Table 1). Again, the stability patterns were dependent on the
surface characteristics, since the presence of folate modulated the CCC and CSC

values as explained in the “Discussion” section.

10F

Salt concentration (mM)

Figure 3. Stability factor (V) as a function of salt concentration (filled symbols for NaCl and
empty symbols for CaCl2) for our CS (squares), CS-FOL-1 (circles), and CS-FOL-2 (triangles)
nanocapsules. Information about “IP”” is described in Introduction of the thesis. (1.7. Colloidal

stability of nanoemulsions).

Table 1. CCCs and CSCs of our three nanocapsule systems in saline media (NaCl and CaCl2)
buffered at pH 7.0

NaCl CaCl,
Diameter(nm) CCC (mM) CSC (mM)  CCC (mM) CSC (mM)
cs 330 20 50 4 4
CS-FOL-1 215 27 70 3 3
CS-FOL-2 245 130 370 27 27
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Stability was subsequently analyzed in more complex media, that was, PBS
and cell-culture medium (DMEM) supplemented with FBS; the aggregation kinetics

are shown in Figure 4.

2500 |- —=— CS-PBS
—e— FOL-1-PBS
—a— FOL-2-PBS

2000 - ~-5-- CS-DMEM

---0--- FOL-1-DMEM
-5 FOL-2-DMEM

1500

1000

Mean diameter (nm)

500

time (h)

Figure 4. Aggregation kinetics of the CS (squares), CS-FOL-1 (circles), and CS-FOL-2
(triangles) nanocapsules when immersed in PBS (dark symbol) and DMEM medium
supplemented with FBS (White symbols). PBS: phosphate-buffered saline; DMEM: Dulbecco’s

modified Eagle’s medium; FBS: fetal bovine serum.

Intracellular uptake of Red Nile-loaded nanocapsules

Flow cytometry was employed to study the behavior of our nanocapsules
loaded by Red Nile for targeting the four cancer-cell lines. In these experiments, the
cell cultures were performed in non-supplemented DMEM medium at two
incubation times, 1h and 4h. To determine whether nanocapsules were taken up by
membrane folate receptors, experiments were conducted, on one hand, in a
medium without free folic acid, and, on the other hand, in a medium in which free
folic acid was added 10 min before addition of the nanocapsules. In this latter case,

folate receptors in the cell membranes were blocked by the free folic acid
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molecules, preventing the intracellular uptake of the nanocapsules with folate-
chitosan conjugates on their surface. Results after 1 h and 4 h of incubation are
shown in Figure 5(a) and 5(b), respectively. In each cell line, the relative fluorescent
intensity detected by flow cytometry was designated as 100% for the brightness

emission by the CS nanocapsules incubated 4 h without free folic acid.

The results after lh-incubation (Figure 5(a)) show a general (but weak)
trend in which increased fluorescence correlates with the folate concentration in the
nanocapsule surface in cell lines overexpressing folate receptors (MCF-7, HT-29,
and Caco-2). The most effective uptake appeared in the MCF-7 breast cancer cell
line with the CS-FOL-2 system. This (weak) global uptake profile changed when
membrane folate receptors were previously blocked with free folic acid. The
differences among the blocked and nonblocked folate receptor experiments were
mainly manifested when nanocapsules had folate-chitosan conjugates in their shells,
above all with the CS-FOL-2 complexes in the MCF-7 cell line. Finally, the cell line
that does not overexpress the folate receptor (A549) had very low fluorescence,
practically coinciding with all the complexes (CS, CS-FOL-1, and CS-FOL-2)

regardless of whether free folic acid was previously added.

The general tendency observed in the 1-h experiments was reinforced with
the 4-h assays 4 h (Figure 5(b)), where differences between the blocked and
nonblocked experiments or between the CS and CS-FOL-2 samples were much
clearer. For example, in the MCF-7 cell line, the relatively greater fluorescence with
regard to the CS sample was equal to 25% for the CS-FOL-1 system, and almost
doubled (92%) in the CS-FOL-2 case. Similarly, in the HT-29 cell line, increments
were 10% and 63% for CS-FOL-1 and CS-FOL-2, respectively, and 15% and 50%
in the Caco-2 cell line. These global increments totally disappeared when free folic
acid was added to block folate receptors. Finally, the A549 line gave, in general, a

significant fluorescence when compared to the uptake kinetics shown by this same
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cell line in the 1-h incubation experiment, although no specificity with regard to
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Figure 5. Relative fluorescent intensity of our four cell lines when incubated with Nile Red—

loaded nanocapsules for (a) 1 h and (b) 4 h. The gray columns represent incubations without free

folic acid in the medium. The columns with a white back represent experiments in which the

membrane folate receptors had previously been blocked with free folic acid; in addition, these

columns have been given a final “-BI” notation.
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Anti-tumor activity of docetaxel-loaded nanocapsules

The last set of experiments was designed to quantify the anti-tumor activity
of docetaxel-loaded nanocapsules. Cytotoxicity was evaluated by culturing the four
cancer-cell lines for 24 h in DMEM without FBS and supplemented with 0.1 UM of
docetaxel-loaded nanocapsules. Cells treated with the same concentration of
docetaxel in a free form that was used as control. The internalization of this drug
clearly improved when using a cationized nanocarrier (compared with the free

docetaxel case), regardless of whether the nanocarrier had folate or not (Figure 6).
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Figure 6. Percentage of cells remaining alive after incubation with 0.1 uM of docetaxel for 24 h.
The White back column represents the pool in which docetaxel was added in a free form. The

gray columns show the results when docetaxel was previously encapsulated in our nanocapsules.

DTX: docetaxel.

This greater capture when folate is on the particle surface yielded to a cell-

death increment up to 7% (i.e. see the CS-FOL-1 case compared to the CS system
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in the HT-29 line). Unfortunately, the results did not correlate appropriately with
the folate concentration in the nanocapsule surface, because the percentage of live

cells after 24 h is always higher in the CS-FOL-2 samples than in the CS-FOL-1

ones.

4. Discussion

The size of the nanocapsules was rather similar among the different
formulations, that is, it was independent of the folate concentration. This was
because the nanocapsule formation was led by the surfactant properties of lecithin.
Once the oil-lecithin nanocapsules were formed the folate-chitosan conjugates
adhered to the lecithin shell by electrostatic interactions [47]. In addition, the
inherent folate hydrophobicity also favored the shell adhesion onto the oily core by
attractive hydrophobic forces [48]. Notably, the average size was identical to the
original nanocapsules even in cases where Red Nile or docetaxel were added to the

apolar phase of the synthesis procedure to attain loaded nanosystems.

The presence of folate in the nanocapsules surface was clearly corroborated

by the (4 data (Figure 2), as the isoelectric point of the original CS particles
significantly shifted toward more basic pH values, this shift being greater at higher
folate concentrations. When folate was covalently linked to chitosan, a positive
charge of the original chitosan backbone was replaced by one carboxylic group, one
primary amine, one secondary amine, and two amide groups. All these organic
groups supplied by the folate molecule provided a basic net character yielding to a
positive polymer under most of the pH conditions. Given that the cell-culture pH
was almost neutral, the presence of folate converted a practically uncharged
nanocapsule (the CS case) into a significantly charged system, perhaps improving

the intrinsic stability of the system when immersed in the cell culture media.
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Regarding colloidal stability, we first analyzed the NaCl data (Table 1). The
CCC values correlated properly with the mobility data at neutral pH. The CS
sample presented quite low stability (CCC = 20 mM), which was slightly improved
when some folate was attached to the chitosan backbone (the CS-FOL-1 case).
However, the improvement became significant when the folate concentration was

increased even more (CS-FOL-2) reaching a CCC value equal to 130 mM.

Information on the surface hydrophilicity is provided by the CSC data. The
chitosan hydrophilicity is clearly manifested by a low CSC value (50 mM), signifying
that, at NaCl concentrations higher than 50 mM, the hydrated ions located near the
hydrated chitosan shell supplied a protective structural layer that prevented
aggregation under further salinity increase. Folate is relatively hydrophobic, and
therefore the CSC value increased when folate was conjugated with the chitosan,
reaching a high value (370 mM) for the CS-FOL-2 sample. This change from a high
hydrophilic surface (CS sample) to a partially hydrophobic one (CS-FOL-2), as well
as the electrophoretic mobility behavior, clearly indicates that folate molecules were

effectively linked to the chitosan structure during conjugation.

Similar patterns to those found with NaCl were detected with CaCl..
Calcium, a divalent ion with a voluminous hydration layer, exerted a strong effect
on both the CCC and CSC values. Due to its high hydration number, this cation
gave lower CSC values when compared to monovalent cations, as a lower ionic
concentration is needed to create the protective hydration shell around hydrophilic
colloidal particles [32-36]. Therefore, the CCC values of the most hydrophilic
systems (CS and CS-FOL-1) were difficult to determine with CaCly, since the
repulsive hydration forces started to act even at very low salt concentrations. In
such cases, the initial W decline caused by the electric double-layer screening was

rapidly overlapped by the re-stabilization induced by hydration forces, finding
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systems that hardly aggregate. Therefore, the CCC values given in Table 1 for the

most hydrophilic nanocapsules are only as indicative.

Finally, the conjugate with the highest folate concentration (CS-FOL-2)
registered a higher CCC and CSC (27 mM), corroborating NaCl data, that is, the
average surface charge increases (higher CCC values with regard to the CS surface)

because of the presence of folate molecules, while the hydrophilicity decreases

(higher CSC data).

Contrary to initial expectations, the most stable system in PBS had the
lowest surface-charge density (CS), while the most charged one (CS-FOL-2) rapidly
aggregated. The DLVO theory fails to explain these results, because hydration
forces caused this anomalous stabilization. The PBS ionic strength surpassed the
CCC values of our three systems (Table 1), and thus the potential barrier predicted
by the DLVO theory disappeared. However, chitosan hydrophilicity favored the
repulsive hydration forces, which, although not totally avoiding aggregation, was
significantly slowed. This repulsion was absent in the most hydrophobic systems
(CS-FOL-2), while CS-FOL-1 behavior is intermediate between that of CS and CS-
FOL-2.

The aggregation patterns changed dramatically when the samples were
immersed in DMEM with FBS the most unstable system in PBS (CS-FOL-2)
became the most stable one, perhaps because of the adsorption of proteins (mainly
albumin) at hydrophobic surfaces. Protein adsorption is generally favored by
hydrophobic interactions between the surface and these macromolecules. In fact,
hydrophobic interaction is one of the key controls in protein adsorption [49]. It is
usually higher for large, soft proteins, such as albumin. This is why the most
hydrophobic system adsorbs more albumin molecules, giving this protein great

stability due to its high charge density at neutral pH and its highly hydrophilic
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character responsible for hydration forces [33, 50, 51]. Similar results in folate-
conjugated polymer micelles were found [27], when the positive zeta potential was
inverted into negative values after the micelles were dissolved in the cell-culture
medium. This inversion was ascribed to the adsorption of albumin molecules. We
found this behavior in the CS-FOL-1 sample, although the albumin adsorption
appeared to be lower than the CS-FOL-2 case, since the surface hydrophobicity
was lower in the former than in the latter. The hydrophilic character of our CS
sample probably did not promote protein adsorption as much as most hydrophobic
nanocapsules (CS-FOL-2) did. The high stability of CS in supplemented DMEM
medium may be ascribed to the intrinsic hydrophilic surface, since a medium
enriched with different cations strengthens hydration forces enough to keep the CS

particles practically stable.

The increase in fluorescence correlated with the folate concentration in the
nanocapsule surface in cell lines that overexpress membrane folate receptors
(Figure 5(a)). A comparison of the colorectal cancer cell lines indicated that
fluorescence intensity increased more clearly in the HT-29 cells than in the Caco-2
one because the former had 1.5-fold higher expression of folate receptors than the
latter [29]. This reinforced the positive results found with the other lines
overexpressing folate receptors; that is, the presence of folate—chitosan conjugates
on the nanocapsule surface enhanced the cell uptake of such nanocapsules. Similar
results were obtained by Pan and Feng [52] using a multifunctional nanoparticle
system to provide a sustained, controlled, and targeted codelivery of quantum dots.
The particles with folate conjugated on the surface had higher celular uptake than
those with no folate conjugation in MCF-7 cells while no significant targeting effect

was observed for the NIH 3T3 (a standard fibroblast cell line) cells.

Our results obtained after 4 h (Figure 5(b)) reinforced those found after the

1 h of incubation, although the cell uptakes were much higher. These differences,
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however, disappeared when free folic acid was added to block folate receptors. This
indicated that the greater uptake by folate—chitosan conjugates was caused by the
specific recognition of folate bonded to the nanocapsules by its membrane
receptor. The A549 line, despite showing low uptake kinetics after 1 h of
incubation (Figure 5(a)), gave significantly more fluorescence at 4 h. Nevertheless,
the nanocapsule uptake by the A549 cells was clearly not mediated by folate
receptors, as fluorescent intensity was coincident whether or not free folic acid was

added to the medium.

The most striking result is that docetaxel antitumor efficiency was
enhanced when enclosed within the nanocapsules. The cationized nanocarriers
clearly improved the internalization of this drug, regardless of whether the
nanocarrier had folate or not. It is likely that CS, CS-FOL-1, and CS-FOL-2
improved the internalization of the drug due to the attractive electrostatic
interactions between the cell membrane and the positive surface of the
nanocapsules. Although differences are not as marked as those found when
working with Nile Red—loaded particles, the results with docetaxel follow the same
direction: the folate linked to the external shell of the nanocapsules improved their

capture by the folate receptors in the cell membrane.

The greater capture yielded to a cell death increment, however did not
correlate appropriately with the folate concentration in the nanocapsule surface,
since the efficiency of the CS-FOL-1 samples is always better than that of the CS-
FOL-2 ones. This may be due to two different effects that are counterbalanced.
The presence of folate on the nanocapsule surface enhanced the targeting (as
shown with the Nile Red experiments), which favored the uptake of docetaxel-
loaded nanocapsules by the tumor cells. However, with the toxic drug, we provided
folate molecules to the cell which the surviving cells use to proliferate. Therefore,

an increase in folate concentration in the nanoparticle surface may be
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counterproductive. For example, after 48 h with the two colon cancer lines, we
found that the differences among the CS, CS-FOL-1, and CS-FOL-2 were higher
than those at 24 h, the live cells were 76% (CS), 73% (CS-FOL-1), and 84% (CS-
FOL-2) in both HT-29 and Caco-2 pools. Nevertheless, the cell death was
consistently more effective in short-time incubations when folate was present
(irrespective of concentration) in cell lines overexpressing folate receptors than that

in the A549 line, where the CS, CS-FOL-1, and CS-FOL-2 samples did not differ.

Conclusions

Folate—chitosan conjugates bearing different folate concentrations were
successfully synthesized. These conjugates were used to coat oil-lecithin
nanocapsules capable of delivering hydrophobic molecules in their core, forming a
novel nanosystem for developing targeting strategies. The folate increased the
positive charge of the particles, although the surfaces were changed from
hydrophilic to partially hydrophobic. This change in hydrophilicity caused coloidal
instability in the cell culture medium due to the medium salinity. Nevertheless, the
in vitro experiments were designed to last few hours, and thus, the nanocapsule
uptake by the cell culture was more effective than any eventual aggregation. The
specificity by the nanocapsule for folate receptors was manifested in three cell lines
(MCF-7, HT-29, and Caco-2) that overexpressed such receptors. Thanks to the
observed specific intracellular uptake of these folic— chitosan-coated nanocapsules
indicate a potential for applications in anticancer drug delivery, and they may
constitute an important base for future generations of drug nanocarriers for in vivo

studies.
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Abstract

Lipid nanocapsules (LNC) are usually developed as nanocarriers for
lipophilic drug delivery. The surface characteristics of these colloidal particles are
determinant for a controlled and directed delivery to target tissues with specific
markers. We report the development of immuno-nanocapsules, in which some
antibody molecules with different immuno-specificity are conjugated to the
nanocapsule surface, offering the standardization of a simple method to obtain
vectorized nanosystems with specific recognition properties. Nanocapsules were
prepared by a solvent-displacement technique, producing an oily core coated by a
functional shell of different biocompatible molecules and surface carboxylic groups.
Three different antibodies (one a specific HER2 oncoprotein antibody) were
conjugated with these nanoparticles by the carbodiimide method, which allows the
covalent immobilization of protein molecules through carboxylic surface groups.
The immuno-nanocapsules were completely characterized physico-chemically via
electrokinetic and colloidal stability experiments, confirming the correct
immobilization of these antibody molecules on the colloidal nanoparticles. Also,
additional immunological analyses verified that these IgG-LNC complexes showed
the expected specific immuno-response. Finally, different healthy and tumoral
breast-cell lines were cultured iz wvitro with Nile-Red-loaded and docetaxel-loaded
HER2 immuno-nanocapsules. The results indicate that our immuno-nanocapsules

can increase their uptake in HER2 over-expressing tumoral cell lines.
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1. Introduction

The development of targeted therapies, especially in anti-tumor treatments,
is one of the main goals of nanomedicine today'. Conventional chemotherapy
usually prompts modest tumor response and provokes undesirable side effects due
to the non-specific action of drugs to all proliferating tissues®. To avoid these and
other disadvantages, drug nanocarriers should be formulated to deliver the anti-
tumor drug directly to the cancerous cells. This is a complex interdisciplinary task
with too many variables to be controlled. These variables include the use of
biocompatible materials, with simple but robust processes for biomaterial assembly,
usually requiring different conjugation chemistries followed by some purification
processes®. Therefore, current formulations based on complex nanostructures, such
as polymer conjugates, polymeric micelles, liposomes, carbon nanotubes or
nanoparticlest?, must be supetficially modified to provide carriers with
vectorization properties. Of course, such nanocomplexes must be biodegradable,

non-toxic, and their laboratory production should be easy and reproducible!®.

In recent years, lipid nanocapsules have been developed as potential
nanocarriers. The inner hydrophobic domain, encased in a hydrophilic outer shell,
has been used to encapsulate hydrophobic drugs, these molecules being protected
during their transport to the target cells'!. Additionally, the external shell can be
physico-chemically modified, for example by ligands such as antibodies, which can
be linked to the surface of the nanocattiers to deliver a given drug specifically to
target cells that overexpress the corresponding antigen receptor. These tailor-made
vehicles would improve the effectiveness of the drug while minimizing undesirable

side effects in healthy cells.!213

With regard to the nature of the ligands, monoclonal antibodies have been

extensively employed to develop targeted nanocarriers, referred to as immuno-
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nanocarriers'*. Some advantages of immuno-nanocatriers include the improvement
of drug selectivity, high drug-loading efficiency, minor drug leakage, and protection
of drugs from enzymatic degradation!®. The design of immuno-nanocapsules
requires not only the creation of well-defined structures, but also the optimization

of appropriate antibody-conjugation chemistry.

In this study, we have optimized a method for covalently linking four
different immuno-y-globulines (IgG) with different isoelectric points on the surface
of lipid nanocapsules. The chemical procedure for such linkage requires carboxylic
groups to be present on the nanocapsule surface. Therefore, we have developed a
novel system in which the nanoparticle shell has been enriched by deoxycholic acid.
This amphiphilic molecule has been previously used as a component of different
types of nanoparticles. Chemically conjugated with oligosaccharides, it has shown
great potential to form both drug- and gene-carriers'®, and it increases the efficacy
of oral bioavailability of different nanoparticles that encapsulate drugs!’. However,
the use of carboxylic groups of deoxycholic acid molecules for covalent
immobilization of protein molecules on particle surfaces has not previously been

described.

In the present study, we have selected different IgG molecules in order to
optimize an adequate protocol to obtain immune-nanocapsules. The use of low-
cost IgG molecules without therapeutic applications against cancer cells becomes
useful to design the necessary initial and basic probes to develop stable and
reproducible IgG-coated nanocapsules. In this way, we have used a polyclonal
antibody reactive against the human C reactive protein (CRP), and additionally, two
complementary monoclonal anti-human chorionic gonadotropin (hCG) antibodies.
Thus, we achieved the optimal experimental conditions to link other anti-tumor
specific antibodies, such as the anti-HER2 antibody used in this study:

Trastuzumab (also known as Herceptin®), which is a humanized IgG1 against the
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human epidermal growth factor receptor 2 (HER2) having selective anti-tumor

activity.

HER2 or ErbB2 (Neu) is a trans-membrane receptor protein at the head of
an intracellular tyrosine kinase signaling cascade responsible for increased
proliferation, oncogenesis, metastasis, and possibly resistance to apoptosis-inducing
therapeutic agents!8. Between 15% and 20% of the cases of breast cancers show
overexpression of HER2 and thus an adverse prognostic!®. Some reports indicate
that nanocatrriers conjugated with Trastuzumab can recognize HER2/neu receptors
and be internalized into cells via receptor-mediated endocytosis!®?!. However, few
studies examine the conjugation of Trastuzumab to nanoemulsions??. Furthermore,
despite increasing interest in developing such systems, their complete
physicochemical characterization is not included in most studies on biodegradable

nanocatriets.

The present study focuses on the synthesis and physico-chemical
characterization of core-shell lipid nanocapsules coated by different antibodies,
with the aim of developing vectorized nanocarrier systems. For this, lipid
nanocapsules were prepared by a simple process using a solvent-displacement
technique with commercially available biocompatible components. The
hydrophobic core was constituted by olive oil, while the hydrophilic shell presented
phospholipidic molecules, a poloxamer (in order to confer structural stability and
stealth properties?>?4), and deoxycholic acid molecules to form a carboxylated
surface. We achieved the chemical immobilization of the different IgG antibodies
on the carboxylated surface by using a reproducible and simple method based on a
carbodiimide molecule?>?. This method is currently used to bound proteins

chemically on different nanosystems?72.
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Subsequently, the different immuno-nanocapsules were physico-chemically
characterized and compared with bare nanocapsules to assess the role played by the
different antibody molecules. The characterization was based on size analysis, gel-
electrophoresis measurements, electrokinetic behavior, and colloidal stability. The
immunological response of the IgG-nanocapsules was also quantified against the
specific ligand of the antibody molecules, CRP or hGC, by light-scattering
agglutination assays. Finally, Trastuzumab-modified nanocapsules with a
fluorescent molecule enclosed (Nile Red) were evaluated 7z vitro, analyzing the
particle uptake by three different breast-cell lines: a healthy (MCF-10A) one, and
two cancer-cell lines that over-express low (MCF-7) and high (SK-BR3 ) levels of
HER2. Moreover, the anti-tumor activity of the Transtazumab-sensitized carriers

was evaluated using docetaxel-loaded nanocapsules.

2. Experimental section

Materials

Poloxamer 188 (Pluronic F-68®), deoxycholic acid (DC), Nile Red, N-(3-
dimethylaminopropyl)-N’-ethyl-carbodiimide (ECDI), C-reactive protein (CRP),
human chorionic gonadotropin (hCG), Brilliant Blue R250 and olive oil were
purchased from Sigma-Aldrich (Spain). All of them, except the olive oil, were used
as received. Olive oil was previously purified in our labs with Activated Magnesium
Silicate (Florisil, Fluka) to eliminate free fatty acids. Docetaxel, with a purity =
97.0%, was from Fluka (Spain). Epikuron 145V, which is a phosphatidylcholine-
enriched fraction of soybean lecithin, was supplied by Cargill (Barcelona, Spain). A
polyclonal anti-CRP-IgG from rabbit was obtained, purified and kindly donated by
Biokit S.A. (Spain). Its isoelectric point (IEP) was 7.3 £ 0.9.30 Two complementary

monoclonal anti-hCG antibodies (referred to as anti-hCG-IgG-o and anti-hCG-
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IgG-B) were purified and also donated by Operon S.A. (Zaragoza, Spain), with
IEPs equal to 5.5 and 6.2, respectively?l. Finally, Trastuzumab (Herceptin®), also
referred to here as anti-HER2-IgG and with an IEP of 9.232, was purchased from
Roche (Switzerland). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenol tetrazolium bromide
(MTT) cell-proliferation assay was from Promega (USA). Water was purified in a
Milli-Q Academic Millipore system. Other solvents and chemicals used were of the

highest grade commercially available.

Methods

Preparation of antibody coated nanoparticles

Preparation of lipid nanoparticles

Nanoparticles were prepared by using a modified solvent-displacement
technique of Calvo et al.33. Briefly, an organic phase composed of 125 pL of olive
oil, 10mg of deoxycholic acid, 40mg of Epikuron 145V dissolved in 0.5 mL of
ethanol, and 9.5 mL of acetone, was added to 20 ml of an aqueous phase
containing 50 mg of Pluronic F68 under magnetic stirring. The mixture turned
milky immediately due to the formation of a nanoemulsion. Organic solvents
(acetone and ethanol) plus a portion of the volume of water were evaporated in a
rotary evaporator at 40°C, giving a final volume of 18 mL. In some cases, we
dissolved docetaxel or Nile Red fluorochrome in the olive-oil phase in order to

synthesize nanocapsules loaded with these compounds inside.??

Covalent coupling of antibodies

Antibodies were immobilized on the nanoparticle surface by a

carbodiimide method, which permits covalent binding of protein molecules to the

175



4. Results. Paper I

carboxylic groups supplied by the deoxycholic molecules. The antibody-coupling
protocol was conducted at different pH values, depending on the IEP of each IgG,
in such a way that the DC nanoparticles were firstly dialyzed against different
activation buffers. A phosphate buffer (pH 7.0) was used prior to link the acid IgGs
(anti-hCG-IgG-a and anti-hCG-IgG-f); a borate buffer (pH 8.0) for the neutral
anti-CRP-IgG; and a borate buffer (pH 10.0) for the basic anti-HER2-IgG. In this
way, we set a negative net charge with regard to the electrical state of the
antibodies, which was required to propetly link these molecules through the

carbodiimide method.

Once the dialysis was finished, 45 puL. of an aqueous ECDI solution (15
mg/ml) was added to the DC-nanoparticle solution having a total patticle surface
equal to 0.77 m2. These samples were incubated at room temperature for 15 min.
Subsequently, the antibody coverage was performed by adding, independently, two
different theoretical IgG concentrations (2.5 mg/m? and 5 mg/m?), and then the
solutions were incubated at room temperature for 2 h. Finally, a new dialysis was
performed against the same buffer to remove any IgG molecules that were not

coupled to the nanocapsules.

Physico-chemical characterization

Size and electrophoretic mobility

The hydrodynamic mean diameter of the nanocapsules was determined by
photon correlation spectroscopy (PCS), using a 4700C light-scattering device
(Malvern Instruments, UK) and working with a He-Ne laser (10mW). The light
scattered by the samples was detected at 173°, and the temperature was set at 25°C.
The diffusion coefficient measured by dynamic light scattering can be used to

calculate the size of the nanoparticles by means of the Stokes-Einstein equation.
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The homogeneity of the size distribution is expressed as polydispersity index (PDI),

which was calculated from the analysis of the intensity autocorrelation function.?

Electrophoretic mobility (1) as a function of pH was measured after
diluting a small volume of the nanocapsule stock (with a total surface equal to 0.05

m?) in 1 mL of the desired buffered solution. It should be noted that all the buffers

used in the 44 studies had identical ionic strengths, being equal to 0.002M. The L,
measurements were made in triplicate using a nano-zeta dynamic light-scattering

analyzer (Zeta-Sizer NanoZ, Malvern Instruments, UK).

Protein separation by SDS-PAGE

The nanocapsule-protein complexes were separated and denatured by
boiling for 5 min in the following buffer: 62.5 mM Tris-HCI (pH 6.8 at25°C), 2%
(w/v) sodium dodecyl sulfate (SDS), 10% glycerol, 0.01% (w/v) bromophenol blue,
40 mM dithiothreitol (DTT). Samples were then separated by size in porous 10%
polyacrylamide gel (1D SDS polyacrylamide gel electrophoresis), under the effect of
an electric field. The electrophoresis was run under constant voltage (130 V, 45
min) and the gels were stained using a Coomassie Blue solution (0.1% Coomassie
Brilliant Blue R-250, 50% methanol and 10% glacial acetic acid) and destained with

the same solution lacking the dye.

Densitometry was performed using Image J analysis software (NIH). This
technique allows a quantitative digital analysis of image data from electrophoresis
gels?, calculating in this way the final antibody coverage degree of every immuno-
nanocapsule. Gels were scanned and band intensities were quantified by Image |
densitometry analysis. The digital image of the gel was converted to a gray-scale
image. We selected the lanes of the gel and plotted them to draw a profile plot for

each lane getting peaks of each lane (higher peaks represent darker bands). For each

177



4. Results. Paper I

peak we got the size. With data we calculated the relative density of the peaks. We
expressed the density of the selected bands relative to the control band, in which

the protein concentration was equivalent to 2,5 mg/m?.

Colloidal stability

Sample stability was studied spectrophotometrically at physiological pH
(i.e. 7.4), and by using NaCl and CaxCl independently as aggregating electrolytes.
The turbidity of the system was monitored with a Beckman DU 7400
spectrophotometer, working at A = 570 nm. The analysis of the aggregation
kinetics served to calculate the critical coagulation concentration (CCC) and the
critical stabilization concentration (CSC), these being fundamental parameters in
colloidal-stability studies. Briefly, the CCC value provides information on the
charge density of the nanoparticle surface, and the CSC on surface hydrophilicity.
More details about these colloidal-stability parameters can be found below in

Supporting Material.

Immunoassays

Immuno-agglutination reactions with our IgG-coated particles were
monitored by using a Beckman DU 7400 spectrophotometet, working at A = 570
nm. However, agglutination was triggered only by the presence of the specific
antigen in solution, i.e. CRP for the anti-CRP-IgG tailored nanocapsules, and hCG
for a combination of the complementary anti-hCG-IgG-o and anti-hCG-1gG-8
coated particles. In this sense, it was not possible to perform immuno-agglutination
assays for the anti-HER2-IgG case, as HER2 is a membrane protein. Therefore, the
immuno-reactivity of Trastuzumab-coated nanocapsules was evaluated by means of
cell-culture studies. The anti-CRP-IgG particles were immunoassayed at pH 7.4 and

150 mM CaClz. A series of CRP solutions were prepared in the same buffer
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covering the 0.06-16.67 pg/ml. range. After mixing equal volumes (0.3 mL) of
sensitized nanocapsules and CPR solutions, the absorbance was monitored for 10
min. The final particle concentration in the cuvette was 2.7x10!" mL-!, which gave
an initial absorbance of c. 0.5. For the anti-HCG-IgG case, the reaction buffer was
a TRIS solution (pH 8.0 and10 mM) and the hCG solutions were set in the 1-300
1U range.

Cell lines and culture conditions

The human breast-cancer cell lines MCF-10A, SK-BR3 and MCF-7 were
supplied by the Scientific Instrumentation Center of the University of Granada
(Spain). The culture medium was Dulbecco’s modified Eagle medium (DMEM,
Sigma, St Louis, MO, USA) for MCF-7, and McCoy’s 5A medium for SK-BR3 ,
both of them supplemented with heat-inactivated 10% (v/v) fetal bovine serum
(FBS, Sigma), 2% L-glutamine, 2.7% sodium bicarbonate, 1% Hepes buffer, and
1% of penicillin/streptomycin solution in a humidified atmosphere of 5% CO; at
37°C. The healthy MCF-10A cells were grown in Ham’s F12 medium (Sigma
Chemical Co., St. Louis, MO, USA) supplemented with 5% heat-inactivated horse
serum, 10 pg/mlL insulin, 100 ng/mL cholera toxin, 0.5 ng/mL hydrocortisone, 20
ng/mL EGF, and 100 pg/mL penicillin/streptomycin in a humidified atmosphete
of 5% CO, at 37°C.

Uptake studies of Nile-Red-loaded nanocapsules

MCF-7, MCF-10A, and SK-BR3 cells (1.5 X 105) were seeded into 6-well
plates under the culture conditions detailed above. After 24 h, cells were fed with
fresh serum-free medium and treated with immuno-nanocapsules loaded by Nile
Red. In the control groups, cells were treated with nonfluorescent nanocarriers. In

this study, nanocapsules were formulated by adding Nile Red into the olive oil at a
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concentration of 0.025% (w/w). Subsequently, the same protocol desctibed above
was used to coat the nanocapsule surfaces by our antibodies. After cell incubation,
the wells were washed with PBS to remove free nanocapsules, which were
harvested using phosphate-buffered saline-ethylenediamine-tetraacetic acid (PBS-
EDTA), washed twice in cold PBS, and pelleted by centrifugation at 500 g for 10
min. Then the cells were fixed with 4% formalin for 20 min and then pelleted,
resuspended in PBS, and analyzed for red fluorescence flow cytometry (FACScan,
Becton Dickinson, San Jose, CA, USA). The fluorescence pulses were analyzed by

the CellQuest Pro software.

Finally, the membrane binding and cell internalization of Nile-Red-labeled
nanoparticles in MCF-7, MCF-10A, and SK-BR3 lines were also examined by laser-
scanning confocal microscopy. Cells were imaged by a Leica TCS SP2 Confocal
Spectral Microscope (UV-VIS) and the images were analyzed with Leica Confocal
Software. All experiments were performed in triplicate and replicated at least twice.
Sterility evaluations of all nanosystems were performed prior to develop

nanocapsule uptake studies in order to exclude a possible biological contamination.

Cytotoxicity assays

The MCF-7, MCF-10A, and SK-BR3 cells (1 X 104 were plated into 96-
well plates under the culture conditions detailed above. Cells were fed with fresh
serum-free medium with 0.1 uM of free or encapsulated docetaxel for 24 h. Then
cells were counted using the MTT colorimetric assay using a Titertek Multiscan
apparatus (Flow, Irvine, California) at 492 nm. All the experiments were plated by

triplicate wells and replicated at least twice.
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Statistical analysis

SPSS 7.5 software (IBM, Chicago, 1L, USA) was used for all data analyses.
Results were compared with Student’s t test. All data were expressed as means *
standard deviation (SD). Differences were considered statistically significant at a P

value of < 0.05.

3. Results and discussions

Physico-chemical characterization of nanocapsules and immuno-

nanocapsules

Particle size

The synthesis procedure yielded to a homogeneous population of
nanocapsules with an average diameter of 180 = 20 nm and a polydispersity index
of 0.116. These results are similar to those previously reported using the same
solvent displacement technique and similar shell components®. It is important to
remark that the size of our nanosystem remained at a constant value under storage
conditions, i.e. pure water and 4°C for at least 3 months. Futhermore, this diameter
is optimal for the use of our nanocapsules in potential 7z vivo applications where the
size and size distribution is a decisive variable in ensure adequate bio-distribution

by crossing biological barriers and minimizing the macrophageuptake.

Immuno-nanocapsules

Two different amounts of antibody molecules were initially incubated with

our functionalized DC nanocapsules corresponding to medium and high protein
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coverage. They were set theoretically at 2.5 mg/m? and 5.0 mg/m? respectively.
This choice was based in previous research on colloidal nanoparticles. It is well
established that the immobilization of antibody molecules on the surface of
nanoparticles strongly alters their surface properties, notably affecting the colloidal
stability of the nanosystem?. The development of immuno-nanoparticles for a
successful use in the transport and directed delivery of drugs in biological systems
requires equilibrium between colloidal stability and immuno-reactivity of the
nanosystems. It was confirmed that colloidal particles of similar size with their
sutface saturated by IgG molecules (5 mglgG/m?) led to high levels of specific
immunological detection but low colloidal stability, while a reduction of the IgG
coverage increased the colloidal stability while diminishing the specific

immunological recognition3,

The covalent coupling was developed by means of the ECDI procedure,
described in detail in the experimental section, and no aggregation of the
nanosystem was observed during the experimental period. Figure 1 shows a
schematic representation of the coupling process to produce the immuno-
nanocapsules. After incubation time, the antibody-nanocapsule complexes were
separated from unbound protein by a dialysis procedure, which is normally used
when working with nanoemulsions and soft-particle systems®, and has previously
shown their efficacy working with the same type of nanocapsules.? These did not
appreciably change in diameter after the covalent coupling of our antibodies. The
size of each formulation (DC-anti-CRP-IgG, DC-anti-hCG-IgG-a [and §], and DC-
anti-HER2-IgG) with both theoretical antibody coverages (medium and high) at
pH 8.0 and low-ionic-strength medium remained similar to those of the original

DC-systems regardless the antibody amount coupled on the surface.
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C&é Deoxycholic acid
c’\\“j\ Pluronic F68

@~ Epikuron 145V

Figure 1. Schematic details of the preparation of our immuno-nanocapsules

The size stability with the anti-CRP-IgG sample may be interpreted as a
first indication that all our particles possessed a medium coverage with regard to
the surface antibody concentration, irrespective the theoretical anti-CRP-IgG load
initially added. This statement is based on the fact that nanosystems with a high
coverage of polyclonal antibodies on the surface usually show an notable size
increase due to low colloidal stability and particle-aggregation processes, as reported

elsewhere26:40.41,

At this point, it becomes necessary to check first the presence of antibody
molecules on the surface of the nanocapsules and then its final surface
concentration. Subsequently, it would be also necessary to evaluate their colloidal
and temporal stability, as well as the correct antigenic activity of the coupled
antibody molecules, both of them being crucial properties for future biological
applications. The presence of IgG on the nanocapsule surface was firstly estimated

by gel-electrophoresis studies. The results from the analysis of the different systems
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by SDS gel chromatography under reducing conditions confirm the immobilization
of the different antibody molecules on the nanocapsules surface, showing a
migration response typical for IgG antibodies, with two heavy and two light chains
corresponding to an upper band at [50 kDa (for the Fc fragment) as well as a lower

band at [R5 kDa (for the Fab moieties)*2.

A B (aCRP-1gG) C (aHCG-1gGua) D (aHCG-1gGB) E (aHER2-IgG)
de r = L 4 1 r L r A 1l
250 —— 1l 2 3 1 2 3 1 2 3 1 2 3
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Figure 2. SDS-PAGE analysis under reducing conditions of different immuno-nanocapsules.
Jane A: Bared DC nanocapsules; /anes B: systems with anti-CRP-IgG; Janes C: systems with anti-
hCG-1gG-a; fanes D: systems with anti-hCG-IgG-B; Janes E: systems with antiHER2-IgG. In all
cases number 1 corresponds to free antibody molecules, number 2 corresponds to immuno-
nanocapsules with an initial amount of 2.5 mg/m? of antibody, and number 3 cottesponds to

immuno-nanocapsules with an initial amount of 5 rng/ m? of antibody.

The image shown in Figure 2 corresponds to the analysis of the immuno-
nanocapsules with our different antibody molecules coupled on the surface (lanes B
to E), while lane A corresponds to the bare DC nanocapsules. Additionally, the
final surface amount of antibody was evaluated using a densitometric procedure,
and the coupling-efficiency results reached values of around 50-70% for the initial
theoretical coverage of 2.5 mg/m? and around 30-40% with the 5 mg/m? coverage.

The final coverage data for the different immuno-complexes are listed in Table 1.
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These results are consistent with a low-medium final coverage for both initial
situations, in which the final protein coverage of nanocapsules would be between
1,25mg/m? and 2 mg/m?2. As can discussed below, the results supplied by other
physical properties of the immuno-complexes (i.e. electrophoretic mobility or
colloidal stability) agree with this situation, which could be explained by the
protective action of the PEO chains located in the nanocapsule shell against the
protein approach. Beduneau et al. have indicated low coupling efficiency when
working with monoclonal antibodies and Fab’ fragment on functionalized
nanocapsules as a consequence of the presence of PEG chains on the surface®. It
is amply documented how the presence of PEO layers is frequently employed to
reduce protein binding**, and the effect on the protein adsoption processes is
clearly reflected by a reduction in the amount of adsorbed proteins mediated by the

presence of surface poloxamer molecules®.

Table 1. Final antibody coverages for different immuno-nanocapsules and isoelectrics points

(IEP) of the pure antibodies and the immuno-nanocapsules.

Initiiloty;grgeetical 2,5mg/nt | 5,0 mg/nt IEP 2,5mg/nt | 5,0 mg/nt
DC-IgGaPCR 1,2 16 7.3 38 45
E(’gr‘]'t?tgg’;i(); 15 2,0 55 33 37
E(’Er']'t?lgggcs 1,1 16 6.0 3.2 35
DC-lgGaHER? 1,7 21 9,2 7.0 7.4

Electrophoretic mobility
Electrophoretic mobility, p., is an experimental parameter directly related

to the zeta potential in the shear plane of the particles and is normally used to gain

information concerning the surface electrical state of colloidal systems264¢. Thus,
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the p. data reflect the composition of the nanocapsule surface and are influenced

by both the ionic strength as well as the pH of the dispersion medium.
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Figure 3 Electrophoretic mobility vs. pH in buffered media of low salinity (ionic strength equal
to 0.002M) for the different nanosystems. (A) Immuno-nanocapsules with an initial theoretical
antibody load of 2.5 mg/m?2. Bare DC (%), anti-HER2-IgG- (L), anti-PCR-IgG- (O), anti-hCG-
IgG-o- (/\), and anti-hCG-IgG-B- (<) nanopatticles. (B) Immuno-nanocapsules with different
initial theoretical antibody amounts. Bare DC (%), anti-HER2-IgG- (L], W), anti-PCR-IgG- (O,
@), and anti-hCG-IgG-$- (A, A) nanopatticles. Dashed line with solid symbols cortespond to a

theoretical coverage of 2.5 mg/m? while solid lines with empty symbols are for 5.0 mg/m?2
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Usually, when colloidal particles are coated by protein molecules, the p.
values change markedly compared with the same bare surfaces. In this way, the
electrophoretic mobility was determined for all our systems in low-ionic-strength

media at different pH values from 3.0 to 9.0 (see Figure 3A,B).

In terms of the electrokinetic behavior of bare DC nanocapsules, the p.
results agree with the nature of the shell of these particles in which carboxylic
groups predominate on the surface, showing the typical behavior of colloids with
weak acid groups, that is, constant . values at basic and neutral pH values that
begin to fall to acidic pH around the pK, (4.8) ¥. However, the most important
aspect of the p. results is related to the presence of IgG molecules immobilized
onto the nanocapsule surface, which significantly alters the mobility data. The pe
results reflect the presence of antibody molecules on the nanocapsule surfaces and
indicate a clear correspondence with the kind of adhered antibody and its respective
IEP, as shown in Figure 3A. Clear differences appear depending on the antibody
nature, revealing that the original IEP of the linked IgG molecules modulates the
final IEP of the nanocomplex in which the antibody was immobilized. That is, for
every system, the p. sign inverted at different pH values, being consistently below
the IEP of the respective coupled antibody due to the change in surface charge of

the nanoparticles by the positive electrical charge of the IgG molecules?.

Additionally, it is well known that when a protein covers colloidal particles,
the IEP of such complexes also depends on the degree of protein coverage, so that
it gradually tends to the pure protein IEP when the protein load on the
nanoparticles increases’. For an analysis of this point, Figure 3B presents the
electrokinetic response of the immuno-complexes as a function of the theoretical
initial coverage. As can be seen, little difference is found in the entire pH range
when we compare the two coatings for each type of immuno-nanocapsule. In fact,

from this figure we can estimate the IEP of the different systems for which the
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values are shown in Table 1 together with the corresponding pure antibody IEPs.
The IEP of our immuno-nanocapsules tends to the IEP of the respective pure
antibody when their protein coverage increases. However, the minor differences
between the two coverage situations appear to indicate that, in fact, the surface
antibody density for both theoretical protein coverages is only slightly higher for
the 5.0 mg/m? case compared to that of 2.5 mg/m? and, in all cases, it might
correspond to a low-medium coverage degree. Several experimental results for
polymeric colloidal particles partially coated by a polyclonal anti-CRP-IgG present

an electrokinetic response very similar to that of our immuno-nanocapsules?» 4.

Finally, another conclusion can be drawn taking into account the p. values
shown in Figure 3B at neutral and basic pH, where we found a significant
difference among the different immuno-nanocapsules related to the charge density
of the antibody-layer surface. The antibodies with neutral and basic IEPs, i.e. anti-
HER2-IgG and anti-CRP-IgG, cause sharp declines in the . values due to the low
charge densities of these two antibodies that screen the original negative surface
charge of the DC nanocapsules. However, the complexes with the hCG specific
antibody on their surface display mobility values close to those of the bare
nanocapsules as a consequence of the higher negative net charge of these antibody
molecules at neutral and basic pH. Given that p. values are usually indicative of the
colloidal stability of the nanoparticles, their decrease at neutral and basic pH would
represent a reduction of this important parameter.?> 47 As shown below, the
immuno-nanocapsules with anti-HER2 and anti-CRP antibodies present low

colloidal stability at physiological pH.

It would be worthwhile to make a final discussion about the mobility data
extracted at those pH values in which nanocomplexes were unstable, that is, at their
corresponding IEPs. It should be noted that every mobility datum was taken from

a stable nanocapsule pool that was buffered in the same solution used for the
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covalent coupling of the antibodies, that is, pH 7 for the anti-hCG-IgG (« and p),
pH 8 for the anti-CRP-IgG, and pH 10 for anti-HER2-IgG. In all cases, the
average diameter was 180 nm. From these stable pools, a small volume (few uLs)
was taken and poured into a 5 mL low salinity solution containing the desired
buffer just before measuring the electrophoretic mobility. Dilution was so high that
the final pH value was that supplied by the most volumetric solution. Subsequently,
we waited for the stabilization of the particle charge in the new pH value during 5
minutes, and then the mobility datum was obtained. Even in those cases in which
the pH coincides with the isoelectric point of the system, that is, pH where { = 0,
the aggregation kinetics were so slow due to the high dilution conditions that it was
perfectly possible to extract mobility data in early times (the mentioned 5 minutes)

before the system aggregates.

In summary, except for those cases in which the pH coincides with the
isoelectric points of the nanocapsules, the size of the particles remains constant at
around 180 nm. In the isoelectric points, the lack of net surface charge in the
particle would provoke aggregation (see Table 2 for the anti-HER2 case).
Nevertheless, the mobility data are always collected in the few first minutes of an
aggregation process that takes place in high dilution conditions. That is, in an
extremely slow process that permits to extract the mobility datum before aggregates

start forming.

Colloidal stability

Colloidal stability was studied by analyzing the aggregation process of our
particles dissolved at physiological pH (7.4) and using, independently, two different
electrolytes (NaCl and CaCly) to trigger the aggregation. The analysis of the
coagulation kinetics allows us to calculate an important parameter for colloidal

stability: the stability factor, W, which is defined in the Introduction of the thesis
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(1.7 Colloidal stability of nanoemulsions). Figure 4 shows the W dependence on the
electrolyte concentration for bare DC and anti-HER2-IgG nanocapsules. From
these experiments, we can estimate the CCC and CSC values following the
procedure detailed in the introduction. The corresponding values for all the systems
with both electrolytes are shown in Table 2. These data highlight two general
points. On the one hand, the CCC values are always lower for CaCl, than for NaCl,
due to the better screening power of the surface charge shown by divalent cations.
On the other hand, the stability patterns clearly depended on the surface
characteristics, and the presence of antibody molecules on the surface of the

nanocapsules strongly modulated the CCC and CSC values.

In this scenario, we can start analyzing the results found for bare DC
nanocapsules. The CCC values agree with the high electric potential previously
observed in the electrokinetic experiments (see Fig. 3A and 3B). The high colloidal
stability at any NaCl concentration is comparable to those previously found
working with nanocapsules with a similar shell composition®. This stable situation
is also influenced by the incorporation of poloxamer molecules into the shell,
which increases the surface hydrophilicity attributed to the PEO fragments. In this
way, a re-stabilization process at high or moderate salinity media —typically found
with hydrophilic surfaces— has also been found working with CaCl,, as reflected by
the CSC value. This re-stabilization pattern is based on repulsive hydration forces
that appear at medium and high ionic strengths on hydrophilic surfaces. With
regard to the NaCl, the overlap of both CCC and CSC concentrations induces a
completely stable system in which the repulsive hydration forces offset the decrease
of the repulsive electrostatic interaction that takes place when the electrolyte

concentration increases. 24
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100 |

“10 . - .100
[CacCl,] (mM)

Figure 4. Stability factor vs. calcium chloride concentration at pH 7.4: Bare DC nanocapsules
(M), 2.5mg/m2-anti-HER2-1gG patticles (O), and 5mg/m?2-anti-HER2-1gG ones (A). The solid
line helps to locate the CCC value, while dashed lines point to the CSC data.

Analyzing the colloidal stability of immuno-nanocapsules under the same
experimental conditions, we find significant differences. The colloidal stability of
several nanoparticles-protein complexes are known to be dramatically modified
depending of the kind of protein molecule and the degree of coverage.?6 The IEP
of the adsorbed protein is key. Our polyclonal IgG molecules partially or
completely coat the surface of latex nanoparticles, provoking a total destabilization
of the colloidal system at neutral pH.’7#7 However, the use of other proteins as
monoclonal antibodies, bovine serum albumin, or F(ab")> fragments, all with acid
IEPs, yields immuno-complexes that are colloidally stable under physiological
conditions.?3® Therefore, a good correlation between the electrokinetic behavior
and the colloidal stability was observed (see the CCC values in Table 2). Complexes
covered by anti-hCG-IgG (x and () showed, at neutral and basic pH, a
electrophoretic mobility value similar to that of the DC bare nanocapsules, resulting
in immuno-nanocapsules with practically the same CCC values, i.e. completely

stable systems with the NaCl electrolyte and a CCC value of 20 mM for CaCl.
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However, when the anti-CRP-IgG coated nanocapsules, colloidal stability sharply
reduced with the NaCl electrolyte, and a very low CCC value was found with the
CaClz one. Finally, taking into account that immuno-nanocapsules with anti-HER2-
IgG present a zero net electrical charge around neutral pH, we should expect
completely unstable complexes, as shown in Table 2 for any situation, with systems

completely aggregated at physiological pH.

Fortunately, the presence of antibody molecules coupled with the immuno-
nanocapsule shell increases their hydrophilic character, as reflected in the re-
stabilization processes at salt concentrations beyond the CSC values. As seen in
Table 2, all the immuno-complexes showed CSC values lower than those of the DC
nanocapsules due to a change from a partially hydrophilic surface to a highly
hydrophilic one, cleatly indicating again the presence of antibody molecules linked
to the surface. This is a decisive point, given the biological application of our

immuno-nanocapsules with anti-HER2-IgG.

As displayed in Figure 4, both anti-HER2-IgG complexes present an
aggregation pattern in which the W-stability factor is equal to unity at an extremely
low salt concentration, signifying complete instability at physiological pH.
However, this parameter starts to rise in value for CaCl, concentrations above 20
mM, indicating re-stabilization phenomenon that could make these systems stable
under usual physiological conditions of moderate salinity. The formation of a
repulsive hydration shell around colloidal particles covered by protein molecules is
a common process*® previously noted working with similar lipid nanocapsules
partially covered by antibody molecules?. Culture medium for 7z vitro studies and
real physiological medium are composed of different electrolytes that generate
hydration forces strong enough to maintain the colloidal stability of our immuno-
nanoparticles. In this way, the time course of the stability was evaluated in the cell-

culture medium (DMEM) and DMEM supplemented with fetal bovine serum, used
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to develop the iz vitro experiments, and all of our nanosystems remained stable, i.e.

without aggregation, at least for 96 h.

On the other hand, the degree of coverage is another important variable to
consider, since the colloidal stability normally decreases when the antibody coating
increases and, in fact, several examples verify this situation working with lipid
nanocapsules?#! or other colloidal systems, such as liposomes*. However, in view
of the data in Table 2, the CCC and CSC values changed only slightly for the two
initial theoretical coatings (2.5 to 5 mg/m?), suggesting again that, in our
nanocapsules, the final amount of protein linked to the surface was not very
different, implying that the surface protein saturation corresponds to a medium
degree of coverage, as discussed above regarding the electrokinetic results (see Fig.

3B).

Table 2. Critical coagulation concentrations (CCC) and critical stabilization concentration (CSC)

of our different nanocapsules.

NacCl CaCl,
pH 7.4 2.5mg/nt 5mg/m? 2.5mg/nt 5mg/m?
Cccc CSsC CccC CSsC CccC CsC CcccC CsC
(mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM)
Bared DC stable CCC: 18 CSC: 160
DC-lgGaPCR 40 32 15 31 6 23 2 11
DC-lgGahCG
(Antibody 1) stable stable stable stablg 23 43 20 38
DC-lgGahCG
(Antibody 2) stable stable stable stablg 21 39 18| 34
DC-lgGeHER2 aggr. 34 agar. 33 aggr. 34 aggr 24
Immunoreactivity

To complete the characterization of the immuno-nanoparticles, it is
necessary to study the adequate disposition of the antibody molecules on the
surface shell in order to check their potential use for bio-technological applications

as directed drug carriers. Therefore, two of the three systems was used with this
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aim, those with anti-CRP-IgG and anti-hCG-IgG (« and §). Many studies working
with polystyrene nanoparticles and these antibodies demonstrate the validity of the
EDCI covalent attachment method in order to produce nanosystems that have
adequate immunological behavior26#°. Recently, in a previous study using the same
procedure, soft immuno-nanocapsules were made using similar lipid nanocapsules

and anti-CRP-IgG, with satisfactory immunological results 2.

The immunological agglutination of our immuno-nanocapsules was studied
spectrophotometrically. Figures 5A and 5B show the optical absorbance change
caused by the specific agglutination of our samples in the presence of the antigenic
molecules, i.e. CRP and hCG molecules, respectively. Regarding the results from
these figures, we should highlight two considerations: firstly, the immuno-
agglutination reaction proceeds with satisfactory results for both systems, indicating
that the EDCI procedure yields to an adequate surface disposition of the different
antibody molecules for specific recognition; and secondly, there is little difference
between the two initial theoretical coverages, again confirming that both complexes

differ only slightly in the final surface protein density.

It is necesary to remark an important result shown in the last
immunoreactivity figures. In order to confirm the covalent attachment of the
different antibody molecules, the same coupling procedure in absence of EDCI was
developed. Thus, the protein molecules physically interact with the surface shell of
the DC soft lipidic nanocapsules. After the dialysis step, these new immuno-
complexes were characterized in the same way showing a surprising result. While
electrokinetics experiments confirms the presence of antibody molecules adsorbed
on the surface, the immunoreactivity experiments did not show any optical
aggregation, which could be related with a denaturation and/or an inadequate

orientation of the surface antibody molecules. This is a situation that can happen
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when surfactant molecules (e.g. poloxamer) presents on the surface shell interact

with the antibody molecules®.

A. 0.8 - -

0.6 |

02|

Optical absorbance increment

0.0

[CRP] (mg/ml)

0.20 -

0.15 -

0.10 -

0.05 -

Optical absorbance increment

0.00

[hcal (.U.)
Figure 5. Absorbance increments after 5 min (\ = 570 nm) due to immunological aggregation.
(A) Aggregation induced by different CRP concentrations: anti-CRP-IgG, 2.5 mg/m? (l,0);
anti-CRP-IgG, 5.0 mg/m? (@,0); anti-hCG-IgG, 5.0 mg/m? (%). (B) Aggregation induced by
different hCG concentrations: anti-hCG-IgG, 2.5 mg/m? (M, [J); anti-hCG-IgG, 5.0 mg/m?
(@,0); anti-CRP-IgG, 5.0 mg/m2 (%). Open symbols correspond to immuno-nanocapsules

obtained without using the EDCI protocol.
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Additionally, in order to check the immunological specificity, the immuno-
agglutination of each type of immuno-nanocapsule was studied using three
different antigens, CRP, hCG and human serum albumin (HSA). In all the cases,
the experiment did not show any optical aggregation which represents an absence
of cross reactions. As can be seen in figures 5A and 5B, immuno-agglutination was
only observed when a sensitized nanocapsule system was incubated with its
corresponding especific antigen. This is an important result, specially for the nano-

system with antiHER2-IgG, that will be used later in the in vitro experiments.

Specific cellular uptake of trastugumab-modified immuno-nanoparticles

The next set of experiments based on 7 vitro cell-culture studies will serve
to demonstrate whether or not our anti-HER2-IgG nanocapsules can specifically

recognize the HER2 receptors located in the cellular membrane of certain cell lines.

Breast-cancer cell lines have been used extensively in basic research and
they have provided valuable insight into many aspects of breast-cancer biology. Cell
lines are one of the most critical components in studying tumor carcinogenesis?’->!
and new therapeutic targets for breast carcinoma.’% In our experiment, to assess
whether our anti-HER2-IgG nanoparticles were properly vectorized, we selected
three breast-cell lines: one non-tumorigenic cell line with low or no expression of
HER2, MCF-10A and two human breast adenocarcinoma cell lines with low (MCF-
7) and high (SK-BR3) levels of HER2 expression.!8>* Moreover, these cell lines
were used to study the cytotoxicity of the two docetaxel loaded immuno-
nanoparticles formulations in comparison with free docetaxel as well as with the

same drug carried into non-targeted DC nanoparticles.
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Figure 6. Quantitative study of cellular uptake efficiency for the bare DC particles, the
2.5mg/m?2-anti-HER2-IgG and the 5mg/m?2-anti-HER2-IgG immuno-nanocapsules loaded by
Nile Red in SK-BR3 , MCF-7 and MCF-10A cells after 30 min and 24h.

Trastuzumab is used as a targeting ligand for breast-cancer cells
overexpressing  HER2%. In order to analyze whether the conjugation of
Trastuzumab is an effective method for specific targeting nanocarriers towards
HER2-positive breast-cancer cells, we used flow citometry to determine the cell
uptake of the anti-HER2-IgG nanocapsules loaded by Nile Red. We compared the
cellular uptake efficiency between the DC nanoparticles with or without
Herceptin® conjugation to show that the Herceptin-conjugated nanoparticles were
selective against breast-cancer cells with high HER2 expression. Figure 6 shows the
fluorescence intensity of the cell cultures containing different nanosystems after 30

min. and 24h of incubation.
The results led us to perform a quantitative analysis of the different

nanocapsules, showing that the internalization efficacy significantly changed by the

nature and properties of the different shells. Our results indicate that our anti-
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HER2-IgG immuno-nanocapsules, at both theoretical coverages (2.5 and 5.0
mg/m?) were able to achieve a specific uptake in HER2-positive breast-cancer cells
such as SIKK-BR3, whereas in the normal breast-cell line MCF10A no significant
difference was detected in the uptake of the Trastuzumab modified and the non-
targeted DC nanoparticles when compated to the control. That is, the 5mg/m?-
anti-HER2-IgG nanocapsules showed the highest fluorescent intensity (73.8% ) in
SK-BR3 cells in comparison to the 2.5mg/m?-anti-HER2-IgG ones (65.65% ) and
DC particles (54.9%) (P<0.01). Moreover, the 5mg/m?-anti-HER2-IeG
nanocapsules uptake by SKK-BR3 were 62.05% and 73.8% more intense than MCF-
7 and MCF-10A, respectively (P<0.01). In MCF-7, we observed that both types of
anti-HER2-IgG immuno-nanocapsules (2.5 and 5.0 mg/m?) were able to decrease
the uptake of Nile Red by 6.6% and 7.35%, respectively compared to the non-
targeted DC nanoparticles (P<0.01). This is because the MCF-7 cell line is classified
as luminal A subtype breast-cancer cells characterized by low levels or a lack of
HER?2 receptors on their surface®, which impedes the entry of a large amount of
nanoparticles. However, the non-targeted DC nanoparticles, having no Herceptin®

on their surface, enter these cells more easily.

The same trend was observed after 24 h of exposure with the only
difference that the uptake of 2.5mg/m?- and 5mg/m?ant-HER2-IeG
nanoparticles were similar in the SK-BR3 cell line. Our results confirmed that the
anti-HER2-IgG immuno-nanocapsules specifically bind to the membrane HER2
molecules and are internalized by the cancer cells. These results are consistent with
previous findings showing that Trastuzumab attachment increases internalization of
different types of nanoparticles by HER2+ cells.!%5657 Moreover, Mi et al. (2012)
demonstrated that the internalization of multimodality treatment nanoparticles with
or without Herceptin conjugation into SK-BR3 cells after 30 min of incubation was
26.70% and 20.72%, respectively’’. Therefore, greater uptake reported here

compares favorably with these results.
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Cellular uptake efficiency of non-targeted and targeted nanoparticles by
SK-BR3 and MCF-7 cell lines after 30 min of incubation was qualitatively evaluated
using confocal laser scanning microscopy. Fig. 7A, B, and C shows the confocal
images of SK-BR3 cells incubated with DC, 2.5mg/m?2-anti-HER2-IgG and
5mg/m?-anti-HER2-IgG patticles, respectively. This images show that DAPI(4',6-
diamidino-2-phenylindole)-stained nuclei are circumvented by the Nile-Red-loaded
nanoparticles, indicating that they have been internalized into the cytoplasm of the
cells. A comparison between two types of confocal images shows that the red-
fluorescence intensity in Fig. 7B and C is higher than that in Fig. 7A, indicating
higher cellular uptake efficiency of the Herceptin-conjugated nanoparticles.
Moreover, the MCF-7 cell line clearly shows a much lower intensity level of Nile
Red than do the SK-BR3 cells, and in this case the MCF-7 cells treated with DC
without targeting properties display more uptake of Nile Red than the 2.5mg/m?2-

anti-HER2-I¢gG and 5mg/m?2-anti-HER2-IgG nanopatticles.
.
.

Figure 7. Confocal microscopy of SKBR-3 and MCF-7 cells after 30 min of exposure to DC
patticles (A, D), 2.5mg/m?anti-HER2-IcG (B, E), and 2.5mg/m?2-ant-HER2-IgG (C, F)

immuno-nanocapsules, respectively.
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Our results indicate that Tratuzumab could serve not only as a biological
therapeutic agent but also as a targeting ligand to enhance the internalization of the
nanoparticles into the HER2 overexpressed cancer cells. Indeed, these dual
functions of Herceptin constitute another advantage of our DC nanoparticles.
Nanoparticle uptake without a Trastuzumab coating may be a result of nonspecific
binding interactions, e.g. hydrophobic binding of DC nanoparticles to the cell

membrane.58

Cytotoxicity Assays of Docetaxel-loaded inmmmno-nanoparticles

The specific transport of the cytostatic drug docetaxel, their release, and
biological activity were demonstrated in the last set of experiments. In addition to
the cellular uptake of the immuno-nanoparticles, the therapeutic effect of these

formulations was determined by MTT colorimetric assay.

The analysis of the encapsulation efficiency of docetaxel by high-
performance liquid chromatography (HPLC) showed that the organic phase of the
nanoparticles contained 85% of the drug. According to the data shown in Figure 8,
after a 24h of incubation with 0.1uM of free docetaxel, the SK-BR3 cells showed a
viability of 79.30% compared to 66.50%, 59.60%, and 62% for cells incubated with
the same concentration of the drug encapsulated in the DC particles, the
2.5mg/m?2-anti-HER2-IgG ones, and the 5mg/m?2-anti-HER2-IgG nanocapsules,
respectively. In this case, no difference in the cellular uptake as well as cytotoxic
activity was observed between the 2.5mg/m?-anti-HER2-IgG and the 5mg/m?2-
anti-HER2-IgG immuno-nanocapsules. These results have the same tendency as
those reported by Zhang et al.%, who found 70% cell viability in SK-BR3 cells

using nanoparticle-antibody bioconjugates for docetaxel delivery.

200



4. Results. Paper 117

To demonstrate the specificity of our nanoparticle system, we incubated
the weakly HER2-expressing control cell lines MCF-10A and MCF-7 with
docetaxel-loaded Trastuzumab-modified nanoparticles and untreated DC
nanoparticles. In the MCF-10A cell line, docetaxel-loaded DC nanoparticles
showed more cytotoxicity (27.79%) than docetaxel-loaded 2.5mg/m?2-anti-HER2-
IeG particles (24.93%), 5mg/m?2-anti-HER2-IgG nanocapsules (14.54%), and free
docetaxel (5.5%). In the MCF-7 cell line, similar levels of cytotoxicity were induced
by free (19.17%) and docetaxel-loaded DC nanoparticles (19.72%). However, the
2.5mg/m?2-anti-HER2-IgG and 5mg/m?-anti-HER2-IgG immuno-nanocapsules
showed lower levels of cytotoxicity 14.85% and 16.64%, respectively, which may be
due to a specific nanoparticle uptake (Fig. 8). These results agree with those found
with the Nile Red uptakes and verify the specificity and the biological activity of

our newly designed ligand-targeted nanoparticles.

100,00
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R | Control

=
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3 # DC-2,5mgHER-DOX|
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Figure 8. Cell-viability assay: Effect of free docetaxel and docetaxel-loaded DC particles,
2.5mg/m?2-antd-HER2-IgG, and 5mg/m?2-anti-HER2-IgG immuno-nanocapsules in SK-BR3,
MCF-7- and MCF-10A cell lines. Untreated cells set the 100% standard.
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Conclusions

The present work constitutes basic research aimed at optimizing a
procedure to develop lipidic nanocapsules with specific recognition properties
required nanosystems used in directed and controlled drug-delivery processes. A
novel LNC system has been established, in which the shell was composed of
phospholipids and Pluronic F68, and functionalized by carboxyl groups supplied by

deoxycholic acid molecules.

We show the optimization of a successful procedure to covalently bind
antibody molecules to these functionalized nanocapsules by means of a simple and
reproducible EDCI method. The adhering antibody layer altered the original
surface properties of the bare DC nanocapsules, changing their physico-chemical
characteristics, as reflected in the results of electrophoretic mobility and colloidal-
stability experiments. Additionally, the final surface hydrophilicity of the different
immuno-nanocapsules favours the appearance of hydration repulsive forces
allowing all immuno-nanoparticle systems to remain colloidally and temporally
stable in saline solutions and in typical cell-culture media. Furthermore, the
immunological recognition of specific antigen molecules and iz vitro studies reveals
the adequate surface disposition of the antibody molecules immobilized on the
nanocapsule surfaces, suggesting their ability to deliver drugs selectively towards

target cells.
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Abstract

Different studies have shown the potential of lipid nanocapsules as
hydrophobic drug delivery systems, especially in the field of cancer. To date, there
are only few studies that offer a complete knowledge concerning to the
physicochemical properties of this type of colloidal particles, examining the role
played by their components and their impact on different cell lines. The aim of this
study is to probe the ability of two surfactants of industrial interest with a markedly
different nature, poloxamer Pluronic F127 (non-ionic) and Epikuron 145V
(phospholipids), to provide different surface properties that influence the
interaction of the lipid nanocapsules with the biological environment and cells.
Four different systems have been formulated presenting an oily core and different
shell compositions combining these two surfactants. A complete physicochemical
characterization has been carried out and their ability to prevent protein adsorption
onto the surface has been studied by different techniques such as electrophoresis or
Isothermal Titration Calorimetry (ITC). Cellular uptake and cytotoxicity assays have
been performed in a human lung cancer cell line and an additional uptake study has
been carried out in an activated monocytic cell line. Our results demonstrated that
poloxamer significantly reduces protein adsorption, compared to the other
amphiphilic molecule, as well as the uptake and cytotoxicity is strongly dependent

on the surface properties of the nanocarriers.
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1. Introduction

The rapid advancement of nanomedicine has promoted the development
of numerous nanosystems that can deliver drugs and other therapeutic agents to
target tissues and that often possess complex structures and surface

functionalizations (1-3).

Lipid nanocapsules have been studied in the pharmaceutical and medical
tields, because they show promise as drug carriers as a result of their controlled and
sustained release properties, subcellular size, and biocompatibility. Generally, these
nanocapsules consist of a hydrophobic inner core which can incorporate lipophilic
drugs and a hydrophilic outer shell that provides stabilization and offers the
possibility of chemical modifications, among other important properties (4). Lipid
nanocapsules play an increasingly important role for drug delivery in the field of
cancer, showing greater advantages over other nanosystems such as liposomes in
terms of leakage and drug loading, and have been shown by our group and others
researchers to be effective carriers for delivering hydrophobic drugs like docetaxel
(5-7). Due to their nanoscale size they can accumulate in tumor tissues more than
they do in normal through enhanced permeability and retention effect (EPR) (8)
and they can also been engineered and active targeted with different molecules

against overexpressed receptors of cancer cells (9-11).

Following intravenous administration, a nanoparticle would be exposed to
an evolved combinatorial system containing thousands of different proteins
alongside lipids and sugars which can reconfigure nanoparticle dispersion and
surface characteristics forming a “corona” (12-13). Recently has been shown that a
biofunctional nanoparticle, quite basic in design, while it shows specific recognition
of biological receptors in model 7z vitro conditions, it loses uptake and receptor

specificity as the complexity of the environment is increased by introducing human
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plasma (14). The proteins adsorbed onto the nanoparticle surface can interact with
specific plasma membrane receptors on monocytes and various subsets of tissue
macrophages, promoting rapid recognition and removing of the intravenously
injected nanoparticles. Therefore, pharmacokinetics and biodistribution of
nanoparticles are to a large extent governed by their surface properties dependent

on the shell composition.

To prolong their half life in the bloodstream avoiding the recognition by
the mononuclear phagocyte system (MPS), different coatings of grafting materials
have been tailored in these nanosystems by using a variety of polymers such as poly
(ethylene glycol) (PEG), poloxamers and poloxamines. PEG is a flexible, electrically
neutral and hydrophilic polymer that has been commonly used to coat
nanoparticles, to decrease the interaction of the surface with serum components
and to prolong the particle circulation (15-19). Poloxamers (Pluronic®) and
poloxamines (Tetronic®) have been used with the same purpose with different
level of success (20-23). They are amphiphilic nonionic block polymers composed
by hydrophobic propylene oxide (PO) fragments and hydrophilic ethylene oxide
(EO) branches. Poloxamers consist of a central polyoxypropylene (POP) backbone,
that is anchored onto the surface of the particles via hydrophobic interactions,
which is flanked on both sides by two hydrophilic chains of polyoxyethylene (POE)
that are extended outwards from the particles, yielding structures of the (POE) a
(POP) b (POE) a type (24). Another important property presented by poloxamer

and poloxamines is the inhibition of multidrug resistance (25, 26).

Within this scenario the goal of this study was to synthetize and physico-
chemical characterize lipid nanocapsule systems, having as main objective to study
how the surface physicochemical properties of these colloidal particles influence
the protein adsorption, the macrophage association an the uptake by cancer cells.

Thus, four lipid core-shell nanosystems have been obtained using a simple process
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of synthesis. In all cases the hydrophobic core was constituted by olive oil, while
the hydrophilic shell had a different composition. The commercially available and
biocompatible surfactants composing the shell were pluronic F127, also known as
poloxamer 407, which has been mainly choose because its properties of long term
circulation and multidrug resistance, and Epikuron 145V (a mixture of
phospholipid molecules), which provides negative charge to the surface of the

nanocapsules.

Isothermal titration calorimetry (ITC) has been recently established as a
method to characterize the interactions between molecules regarding
thermodynamics, but only few publications describe the use of ITC to study the
binding thermodynamics of nanoparticles with proteins (27,28). In this research,
ITC has been used to asses the thermodynamics of binding of bovine serum
albumin (BSA) and fetal bovine serum (FBS) onto the nanocapsule shells of the

lipid nanosystem developed, which present different properties.

An additional uptake study in the human monocytic U937 cell line after
activation with phorbol myristate acetate (human U937 macrophage-like) was
performed to determine the resistance of these nanocapsules to the clearance by the
immunitary system depending on their surface composition. Coumarin 6 was
encapsulated in the hydrophobic core to carry out the 7z vitro uptake studies and
docetaxel-loaded nanosystems were prepared to perform the cytotoxicity assay in

the A549 cell line.
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2. Materials

Poloxamer 407 (Pluronic F127) was purchased from Sigma-Aldrich (Spain).
It is a triblock copolymer based on poly (ethylene oxide)-block-poly (propylene
oxide)-block-poly (ethylene oxide) structure, expressed as PEOa—PPOb-PEOa
being a= 100 and b= 65. The central hydrophobic block of PPO links to the oil
while the two hydrophilic chains of PEO remain in the aqueous environment.
Coumarin 6, Sulforhodamine-B and olive oil were also purchased from Sigma and
all of them were used as received except olive oil that was previously purified with
Activated Magnesium Silicate (Florisil, Fluka) to eliminate free fatty acids. Epikuron
145V, which is a highly purified deoiled phosphatidylcholine-enriched fraction of
soybean lecithin, with an average molecular weight of 760 Da, was kindly supplied
by Cargill Ibérica S. L. Docetaxel, with a purity = 97.0%, was obtained from Fluka
(Spain). Water was purified in a Milli-Q Academic Millipore system. Other solvents

and chemicals used were of the highest grade commercially available.

3. Methods

Preparation of lipid nanoparticles

The nanosystems studied were prepared by a modified solvent-
displacement technique following the procedure of Calvo et al. (29). Briefly, an
organic phase composed of 125 uL of olive oil, dissolved in 0.5 mL of ethanol, and
9.5 mL of acetone, was added to 20 ml of an aqueous phase under magnetic
stirring, Epikuron 145V and Pluronic F127 were dissolved in the organic phase and
the aqueous phase respectively in different combinations. Organic solvents (acetone
and ethanol) plus a portion of the volume of water were evaporated in a rotary

evaporator at 40°C, giving a final volume of 18 mlL. Finally, nanoparticles were
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extensively cleaned by dialysis against ultrapure water for 24h to remove the

unbound surfactant molecules.

The hydrophobic core of all the nanosystems were composed by olive oil
and, depending on the composition of the organic and aqueous phases, the final
sample showed different interface properties. Thus, four different systems were
formulated: nanocapsules with a surface shell composed exclusively by epikuron
145V (referred as EP), nanocapsules with only pluronic F127 (PL) and two systems
combining both surfactants in different proportion, nanocapsules with a
predominance of pluronic F127 (MP) and nanocapsules with a predominance of

epikuron 145V (ME) (see Table 1 and Figure 1).

Table 1. Concentration (mg/mL) of surfactant added in the synthesis of PL, EP, MP and ME

nanocapsules

Pluronic Epikuron
Nanocapsules F127 145V
PL 3,89 0
EP 0 2,22
MP 3,89 0,22
ME 0,39 2,22

Docetaxel-loaded lipid nanocapsules were formulated by dissolving docetaxel in the
olive oil phase at a concentration of 0.7% (m/w). The concentration of docetaxel
encapsulated in the particles during the different times of dialysis was determined
by dissolving an aliquot of docetaxel loaded nanoparticles with acetonitrile. This
sample was centrifuged during 20min at 4000 x g and the supernatant was

measured in the Scientific Instrumentation Center of the University of Granada,
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Figure 1. Schematic details of the composition and size of the four different nanosystems. A)

EP nanocapsules. B) ME nanocapsules. C) MP nanocapsules. D) PL nanocapsules.

using a SHIMADZU LC-20AC chromatograph with SPD-M20A diode array
detector and C8 Nova-Pak Cartridge column (4 microns, 4.6 x 150 mm); detection

was performed at a wavelength of 230 nm. Coumarin 6 lipid nanocapsules were
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formulated as before dissolving the dye in the olive oil phase at a concentration of

0.6% (m/v).

Physico-chemical characterization

Size and electrophoretic mobility

The hydrodynamic mean diameter of the nanocapsules and the
electrophoretic mobility (£4) as a function of pH was determined using a nano-zeta

dynamic light-scattering analyzer (Zeta-Sizer NanoZ, Malvern Instruments, UK).

The size and the homegeneity of the size distribution, expressed as
polydispersity index (PDI), were obtained by means of the Stokes-Einstein
equation using the diffusion coefficient measured by dynamic light scattering. The
light scattered by the samples was detected at 173°, and the temperature was set at
25°C.

Electrophoretic mobility measurements were carried out after pouring a
small volume of the nanocapsule stock (with a total surface equal to 0.05 m?) into a
1 mL of a low salinity solution (0.002 M) containing the desired buffer, we waited
for the stabilization of the particle charge in the new pH value during 5 minutes,

and then the mobility datum was obtained in triplicate.

Colloidal stability

These experiments provide information related to the charge density of the
nanoparticle surface, and the surface hydrophilicity. Sample stability was studied at

physiological pH (i.e. 7.4) monitoring the turbidity of the systems with a Beckman
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DU 7400 spectrophotometet, working at A = 570 nm. NaCl and CaCl, were used

as aggregating salts, independently.

From the analysis of aggregation kinetics results we were able to calculate
the critical coagulation concentration (CCC) defined as the minimum salt
concentration at which the system begins to re-stabilize when salinity is increased

even more and related with the surface hydrophilicity (11).

Isothermal Titration Calorimetry (ITC).

ITC experiments were carried out using a high-precision ITC-200 titration
calorimeter (Microcal Inc., Northampton, Massachusetts). The samples were
extensively dialyzed against 2mM sodium phosphate buffer, pH 7.4, using 14,000
MWCO dyalisis membranes for nanocapsules and BSA, and 1,000 MWCO
menbrane for FBS. Nanocapsule samples were placed in the cells and were
progressively titrated with BSA or FBS. In all cases, a profile of injection volumes
from 0.8 to 4 pl was used to better define the BSA and FBS titration curves. The
heat evolved after each BSA or IBS injection was obtained from the integral of
the calorimetric signal. The heat associated with the binding process was obtained
as the difference between the heat of reaction and the corresponding heat of

dilution, as obtained from independent titrations of BSA and FBS into the buffer.

The resulting binding isotherms were analyzed by non-linear least-squares
fittings to a model corresponding to a single set of identical sites, according to the

equation:
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o= VebH

[k LTk T LTk o~ L ]

a

(equation 1)

where Q is the net heat of binding, n is the number of binding sites, [1[1 H is the
change in the enthalpy due to the binding process, K, is the association constant,
Vo is the active cell volume, and [M{] and [L represent the total concentrations of

nanocapsule and the titrant, respectively.

The binding isotherms corresponding to the titration of EP and ME
nanocapsules with FBS, which could not be properly reproduced by this model,
were analyzed according to a model of two sets of independent binding sites.

According to this model, the net heat of binding can be expressed as:

Q:VO[Mt]{AH UL CY R "ZKZ[Lt]}

"1+ KL ] 21+ K,[L,]

(equation 2)

where Q is the net heat of binding, n; and n are the number of sites of each class,

A H; and A H; are the change in the enthalpy due to the binding process for each
site, K; and K; are the association constants for each site, Vy is the active cell
volume, and [M{] and [L{ are the total concentrations of nanocapsule and the
titrant, respectively. In this case, the molar concentration of FBS was estimated

considering a total protein concentration in FBS of 40 mg/ml. and the molecular

weight of BSA.

In all cases, the models were implemented in Origin 7.0 software

(OriginLab Corporation, Northampton, MA). For the least-squares fit, the number
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of binding sites, the association constant, and the binding enthalpy were considered

as floating parametets.

Cell lines and culture conditions

The human lung-cancer cell line A549 was supplied by the Scientific
Instrumentation Center of the University of Granada (Spain). Cells were
maintained as monolayer cultures in DMEM (Sigma) and the human leukemic
monocytes lymphoma cell line, U937, was maintained in a monocytic cell
suspension in RPMI-1640 (Sigma) culture medium. Both cell lines were
supplemented with heat-inactivated 10% (v/v) fetal bovine serum (FBS, Sigma),
2% L-glutamine, 2.7% sodium bicarbonate, 1% Hepes buffer, and 1% of
penicillin/streptomycin solution in a humidified atmosphere of 5% CO; at 37°C.
Treatment of U937 cells with phorbol 12-myristate 13-acetate (PMA) mimics the
activation/differentiation of monocytes in vivo (175). Cells were activated to
macrophages for 48 h with the addition of 10ng/mlL PMA to the culture medium
(176).

Uptake studies of Coumarin 6-loaded nanocapsules

U937 (1,5 X 105 were seeded into 6-well plates and activated with PMA
for 48 h. A549 cells (1,5 X 105 were also seeded under the culture conditions
detailed above. After 24 h, cells were fed with fresh medium and treated with
nanocapsules loaded by Coumarin 6. In the control groups, cells were treated with
nonfluorescent nanocarriers. After cell incubation, cells were washed three times
with PBS to remove free nanocapsules, then harvested using phosphate-buffered
saline-ethylenediamine-tetraacetic acid (PBS-EDTA) and pelleted by centrifugation.
Then the cells were fixed at room temperature with a 4% formalin solution for 20

min and re-suspended in PBS before measuring the cell-associated fluorescence
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(15,000 cells per sample) using a FacsCalibur flow cytometry device (Becton
Dickinson). The results are treported by averaging the distribution of cell
fluorescence intensity, working with three independent replicates. Error bars
represent the standard deviation between replicates. Each experiment was

performed at least three times.

In addition, uptake efficiency of Coumarin 6 loaded nanoparticles in the
A549 cell line was qualitative studied by fluorescence microscopy. Cells were
imaged by a Leica DM5500 microscope. All experiments were performed in

triplicate and replicate at least twice.

Cytotoxicity assay

A549 cells (2 x 10%) were plated into 24-well plates under the culture
conditions detailed above. Cells were fed with fresh medium and increased
concentrations of free and encapsulated docetaxel for 48 h. Then cells were
counted using the sulforhodamine-B (SRB) colorimetric assay in a Titertek
Multiscan apparatus (Flow, Irvine, California) at 492 nm. ICso values were
calculated from semi-logarithmic dose-response cutves by linear interpolation. All
experiments were performed in triplicate wells and were carried out at least three

times.

Statistical analysis

SPSS 7.5 software (IBM, Chicago, IL, USA) was used for all data analyses.

Results were compared with Student’s t test. All data were expressed as means *

standard deviation (SD). Differences were considered statistically significant at a P

value of < 0.05.
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4. Results and discussion

Physico-chemical characterization of nanocapsules

Particle size

The synthesized nanoemulsions were stable under storage conditions, —
pure water and 4°C— for at least 3 months. The average diameter and PDI of the
nanocapsules (see Figure 1) were 158+ 5 nm and 0.108 for EP, 163+ 3 nm and
0.110 for ME, 215+ 29 nm and 0.125 for MP and 232%+ 29 nm and 0.146 for PL
nanocapsules.These results are similar to those previously reported using the same
solvent displacement technique and similar shell components (32). Futhermore,
this diameter is optimal for the use of these nanocapsules in potential i vivo
applications allowing these drug delivery systems to extravasate into tumor tissues,
accumulate, and release the therapeutic drug locally through the “enhanced
permeability and retention” (EPR) effect. (33). Considering the size differences
among the systems, epikuron appears to be the best emulsifier, since the EP
nanocapsules mean diameter was lower when this molecule acted by itself
stabilizing the formulation, and even when it was mixed with pluronic F127 but
remaining as the main component of the system (ME nanocapsules). When both
types of molecules, epikuron 145V and pluronic F127, were mixed being
poloxamer the main component of the shell and when the poloxamer acted by
itself stabilizing the emulsion, the nanocapsules size increased. These results are
concordant with previous data in which the presence of poloxamer together with
lecithin increased the particle size in comparison to the case in which lecithin was

the only component of the shell (34).
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Electrophoretic mobility

The electric state of the different nanoparticles was determined by
electrophoretic mobility (i) measurements. The p. data reflect the composition of
the nanocapsule surface and are influenced by both the ionic strength as well as the
pH of the dispersion medium. The electrophoretic mobility was measured as a
function of the pH of the medium. The electrophoretic mobility data, gathered

from low ionic strength media, are shown in Figure. 2.
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Figure 2: Electrophoretic mobility vs. pH in buffered media of low salinity (ionic strength equal

to 0.002M) for the different nanosystems. PL ((J), EP (O), ME (A) and MP (<) nanocapsules.

EP nanocapsules showed the typical behavior of colloids with weak acid
groups at the surface, giving lower electrophoretic mobility (in absolute value) at
acid pH values than those obtained at neutral and basic pH. These groups come
from the shell formed by Epikuron, in which phosphatidylcholine is the major
component. The main effect when pluronic is present in the nanocapsules is the
reduction (in absolute value) of p. in comparison with the pure epikuron

nanocapsules, since the presence of polyethylene oxide (PEO) chains cause a

223



4. Results. Paper 17

displacement of the shear plane of the diffuse layer resulting to lower mobility
values. That is the case of ME nanocapsules in which the mobility remains negative
but decreases in absolute value since the shell is formed mainly by epikuron but
also by Pluronic and MP nanocapsules with even lower p. by increasing the
Pluronic concentration and decreasing the Epikuron load. Finally PL nanoparticles
with a shell constituted only by pluronic presented the lowest mobility values
(neutral or nearly neutral). Mobility comes from a combination of electrical and
frictional forces and the presence of this non ionic surfactant on the particles

affects both forces (35).

In order to investigate the ability of the poloxamer molecules to alter the
protein adsorption on lipid nanoparticles, all the system were incubated in 10% of
fetal bovine serum at 37 °C. The presence of proteins molecules adsorbed onto the
particles can be determine studing the electric state of the different nanoparticles
since usually, when colloidal particles are coated by a protein, the original isoelectric

point (IEP) of the bare particles moves towards the IEP of the proteins (13).

The p. results reflect the presence of proteins adsorbed on the nanocapsule
surfaces and clear differences appear depending on the nanocapsules shell nature
and the degree of protein coverage. The analyzed protein adsorption patterns are
likely to be affected by both the type of surfactants and the charge being present
(see Figure 3).

The presence of proteins adsorbed onto the EP particles caused a
significant alteration of its original p... In this case, the electrophoretic mobility even
inverted its sign at pH 4, from -4,14 to 0,64 Adsorption on nanoparticles also
resulted in changes in the surface charge of the nanocapsules with a combination of
both surfactants: at pH 4 the p. values changed from -2,36 to 0,54 for ME

nanocapsules, and from -1,01 to 0,10 for MP nanocapsules. An increase of the
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poloxamer proportion in the shell reduced the difference between the mobility
values of bare nanocapsules and complexes with protein on the surface by reducing

the protein adsorption, in accordance with several studies (33, 35-36).
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Figure 3 Bare nanocapsules and nanocapsules incubated with 10% FBS for lhour at 37°C, A)
EP (O, @), B) ME (A, A), C) MP (<, 4) and D) PL (LI, W) nanoparticles. Dashed lines with
solid symbols correspond to particles after the exposure with proteins while solid lines with

empty symbols are for bare nanoparticles.

As can be seen, the lowest difference was found in the entire pH range
when we compared the PL nanoparticles before and after the incubation with 10%
FBS, indicating lesser extent of protein adsorption in this type of particle. In
particular at pH 4 the electrophoretic mobility barely changed. Roser et al. showed

that neutrally charged particles have a much lower opsonization rate than charged
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particles, demonstrating a direct correlation between surface charge and protein
binding (37). Therefore, the use of molecules such as poloxamers which can block
the electrostatic and hydrophobic interactions is a good method to slow the

adsortion of proteins

Calorimetric study of protein adsorption

Isothermal titration calorimetry was used to further investigate the
differential protein adsorption potential of the different nanosystems. This
technique provides a full thermodynamic characterization of the binding
equilibrium in terms of binding affinity, number of binding sites and enthalpic and
entropic contribution to the Gibbs energy of binding, reporting on the nature and
magnitude of the forces driving the interaction. Upper panels in Figure 4 show the
calorimetric titrations of the four types of nanocapsules with Bovine Serum
Albumin (BSA). The corresponding binding isotherms are shown in the lower
panels together with the best fit to a one set of sites model. The results of the

thermodynamic analysis are summarized in table 2.

Nanocapsules bound to BSA with moderate dissociation constants in the
low microMolar range. In all cases, protein binding was driven by a strongly
favorable binding enthalpy that increased progressively with poloxamer content,
suggesting that poloxamer strengthens the interaction with BSA. This increment in
binding enthalpy was partially compensated by a parallel increase in unfavorable
entropic contributions, resulting in a slight increase (of about 1 kcal'mol?) in
binding affinity for MP and PL particles with respect to ME and EP. Most
interestingly, a high poloxamer content leads to a marked reduction in the number
of binding sites that drops from 116x103 sites per um-2 for the EP particles to

24x103 sites per pm2 for PL particles.
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Figure 4. Isothermal titration calorimetry experiments for EP, ME, MP and PL nanoparticles
with BSA at 25°C in 2mM sodium phosphate pH 7.4. Upper panels show the heat effects
associated with the injection of BSA into the calorimetric cell containing the the nanoparticle.
Lower panels show the cortesponding binding isotherm normalized for nanoparticle
concentration and corrected for the heat of BSA dilution. Solid lines correspond to the best fit

of data to a one-site model (equation 1).

A similar set of titration experiments were performed with Fetal Bovine
Serum (FBS) in order to validate the results obtained with isolated BSA (see Figure
5). As before, the binding properties of the nanocapsules changed progressively as
they were enriched in poloxamer. As illustrated in Figure 5, titrations of EP and
ME nanocapsules show a more complex binding isotherms that cannot be
described by a simple one-set of sites model but can be adequately reproduced by a
model considering two different set of sites. This analysis reveals a tight binding
event, characterized by dissociation constants in the nM range, superposed to
another characterized by dissociation constant close to what was measured for the

isolated BSA. This tight binding contribution is not observed for PL particles that is
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petfectly described the one-set of sites model. In the case of MP particle, an
intermediate behavior is observed. The curve can be fitted to a one-set of sites

model, although slight systematic deviations are observed at high saturation.

Table 2. Binding thermodynamics of BSA and FBS to nanocapsules.

Protein n/ Area Kd AH,, -T-AS, AG,,
sample | Nanocapsule | n(d |\ @i | gy | keal-mor) | (kealmol) | (kcal-mofY)
EP 9.1 116.0 4.7 -30.1 22.9 -7.2
ME 11.8 141.4 7.2 -32.9 25.9 -7.0
BSA
MP 13.0 89.5 1.1 -32.6 24.4 -8.2
PL 4.1 24.0 1.0 -35.0 26.8 -8.2
53.5 682.1 3.6 -3.0 -4.4 -7.4
EP
16.8 214.2 0.057 -11.4 1.5 -9.9
68.6 821.9 2.5 -1.9 -5.7 -7.6
ME
FBS 19.6 234.8 0.071 -11.7 1.9 -9.8
MP 32.7 225.2 1.8 -11.1 3.2 -7.9
PL 11.0 64.5 3.9 -18.4 11.0 -7.4

For all particles, at least one binding event is identified with binding
affinities very close to those measure for BSA, suggesting that the FBS context does
not seem to alter significantly BSA binding. Because protein concentration cannot
be determined exactly for BES, the values for the number of binding sites obtained
from these experiments cannot be quantitatively compared with those derived from
the BSA titrations. Nonetheless, a similar trend is observed, with a significant
reduction in the number of binding sites for MP particles that is even more

pronounced for PL nanocapsules.
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Figure 5. Isothermal titration calorimetry experiments for EP, ME, MP and PL nanoparticles

with FBS at 25°C in 2mM sodium phosphate pH 7.4. Upper panels show the heat effects

associated with the injection of IFBS into the calorimetric cell containing the nanoparticle. Lower

panels show the corresponding binding isotherm normalized for nanoparticle concentration and

corrected for the heat of FBS dilution. Solid lines cotrespond to the best fit of data to a one-site

model (equation 1) in the experiments with MP and PL nanoparticles, and to a two sets of

independent binding sites model (equation 2) in the experiments with EP and ME nanoparticles.

Taken together, these results clearly indicate that increasing poloxamer

content results in a progressive modulation of the protein adsorption behavior of

the nanocapsules, minimizing the protein binding capacity through a marked

reduction in the number of binding sites.
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Colloidal stability

The stability of the samples was studied at physiological pH (7.4) and at
different concentrations of two different electrolytes (NaCl and CaClp) by analyzing

the evolution of the diameter of the particles as a function of time.

From the analysis of the coagulation kinetics of the nanosystems it is
possible to calculate the stability factor, logW, and hence the critical coagulation
concentration (CCC) and the critical stabilization concentration (CSC) of the
nanoparticles. Figure 6 shows the logarithm of the stability factor versus salt
concentration. Studying CCC and CSC values we can estimate the effective surface
charge and gain information about the hydrophilicity character of the surface of our
nanosystems, both parameters modulated by the presence of proteins on the
surface. It is noteworthy that CCC values with CaCl; are always lower than those
with NaCl because divalent ions have a greater screening capacity favoring the
aggregation of the system. Concerning CSC values, they ate dependent on the
hydration forces that appear at medium and high ionic strengths on hydrophilic
nanoparticles when great amounts of hydrated ions are accumulated at the
proximities of the surface. The repulsive hydration forces begin to act improving
the stability of the nanosystem when the salinity value exceeds the CSC value
(38,39). Again, calcium shows higher restabilization capacity compared to sodium.
Respecting the stability of the system in NaCl, no aggregation of the particles was
detected even at concentrations up to 4M because the overlap of both CCC and

CSC concentrations induces completely stable systems.

Analyzing the colloidal stability in CaCl (see table 3 and figure 6) we find
that EP nanocapsules are the least stable of the systems studied presenting the
lowest CCC value. The presence of poloxamer molecules adsorbed onto the shell

of ME nanosystem is corroborated by reason of these particles are more stable than
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pure Epikuron ones. No aggregation of MP and PL nanoparticles was detected
because the concentration of poloxamer is higher on their shells and these
molecules contribute to the stabilization of the systems by means of steric
mechanism and increase the surface hydrophilicity attributed to the PEO

fragments.

100 AR -

= 104 o

10 100
CacCl,

Figure 6. Stability factor vs. calcium chloride concentration at pH 7.4: EP nanocapsules (@),
and ME ones (A). The solid line helps to locate the CCC value, while dashed lines point to the
CSC data.

The presence of a protein corona after the incubation of the particles with
10%FBS can be also detected because the colloidal stability is modified. Proteins
absorbed on the surface increase the hydrophilic character of the particles reflected
in the restabilization processes. As in the previous case, all the nanosystems after

the exposure to proteins were stable in NaCL

Comparing CCC and CSC values of ME nanoparticles in calcium before
and after the incubation with proteins, unlike the first case they aggregated, after
the incubation they were as reflected in the electrophoretic mobility results. EP
nanocapsules show also stable in all the concentrations confirming the presence of

proteins absorbed on the surface significant stability differences, revealing a
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different surface composition after the incubation with the FBS related with the
presence of a protein corona surrounding the original shell of the particles. From
these experiments no conclusions about the presence of a protein corona can be
drawn about MP and PL nanoparticles because their behavior is the same. Surface
differences cannot be detected due to the complete stability they showed in all the

cases.

Table 3. Critical coagulation concentrations (CCC) and critical stabilization concentration (CSC)
of our different nanocapsules before (bare nanoparticles) and after incubation with 10% FBS

(nanoparticles + protein corona)

Nanoparticles

pH 7,4 Bare nanopatrticles +protein corona
CacCl, Ccc Csc Ccc Csc

(mM) (mM) (mM) (mM)
EP 19 31 70 75
ME 22 25 stable stable
MP stable stable stable stable
PL stable stable stable stable

In vitro uptake of nanocapsules by cancer cells

To understand the influence of the shell composition in the uptake by lung
cancer cells, Coumarin 6, which has been extensively used as a fluorescent marker
of lipid nanoparticles (40-42), was encapsulated in the core of the lipid
nanosystems. We exposed the A549 cells, as a model of cancer cells, to our four
types of nanocapsules and mesured their uptake by flow cytometry. Figure 7 shows
the flow cytometry results obtained from cells treated for 3, 7, 24 and 48 h with the

different nanoparticle systems.
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Figure 7. Quantitative study of cellular uptake efficiency for the EP,ME, MP and PL
nanocapsules loaded by Coumarin 6 in A549 cells after 3, 7, 24 and 48h.

Significant variations in particle uptake result from the different
composition of the shell. Thus for EP nanocapsules, at all the time points we
investigated the uptake was higher. These particles are taken up to a much greater
extent than those with a high concentration of poloxamer in the shell. This could
be related with the fact that the protein corona is higher developed in EP

nanocapsules and these proteins absorbed facilitate the uptake by the cells.

The data reported confirm that as the concentration of poloxamer
increases in the shell of the particles, the uptake is less because the hydrophilicity of
the surface is higher .This is present from early in the uptake profile but the
differences between particles increase with the exposure time. Surface
hydrophobicity has been considered as a major determinant of cellular response.
Increasing the surface hydrophobicity the protein adsorption at the surface will
increase, in accordance with the protein binding data from physico-chemical

characterization experiments. Because there are a large number of proteins on the
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cell surface, the interaction between the cell and nanocapsules become stronger and
the uptake by the cells will be higher if the protein adsorption ability is
strengthened. Comparable results were observed by Hu et al. and Allen et al. (43,
44).

Cellular uptake efficiency of nanoparticles by A549 cells was qualitatively
evaluated using fluorescence microscopy after 24 hours of incubation. Figures 8 B,
C, D and E show the fluorescence images of cells incubated with coumarin 6
loaded EP, ME, MP and PL nanoparticles respectively. Comparing the different
nanocarriers, the green fluorescence intensity in cells treated with EP nanoparticles
is higher than the cells incubated with the other nanosystems, as previous flow
cytometry results showed, indicating a higher cellular uptake efficiency. The green
fluorescence intensity surrounding DAPI stained nuclei decreases, and hence the
uptake efficiency, as the concentration of poloxamer increases on the surface of the
carriers. No green fluorescence was detected either when cells were incubated with
the four types of blank particles (results not shown) and in the untreated control
sample (Figure 8 A.), presenting the images only the blue fluorescence from the
stained nuclei. The intensity of the cells incubated with free coumarin 6 was similar
to the particles with poloxamer (MP and PL nanocapsules) than those composed by

epikuron (ME and EP nanocapsules).
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A.

Figure 8. Fluorescence microscopy of A549 cells after incubation with free coumarin 6 (F) and

coumarin 6 loaded EP (B), ME (C), MP (D) and PL (E) nanocapsules for 24h. The control of

untreated cells is also showed (A).
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Cytotoxicity Assays of Docetaxel-loaded nanoparticles

The therapeutic effect of docetaxel-loaded nanocapsules was determined
by sulforhodamine-B colorimetric assay on the A549 cell line. Cell were treated
with increasing concentrations of free docetaxel or the different docetaxel-loaded
nanocapsules for 48 hours. The analysis of the encapsulation efficiency of docetaxel
by high performance liquid chromatography (HPLC) showed that during first 5
hours of cleaning by dyalisis the 80% of the docetaxel which is in the core of the
particles is released. From this time point untill 24 hours the 20% of docetaxel

remained encapsulated in the oily core (see Figure 9).

0.7
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Figure 9. Concentration of docetaxel encapsulated in the particles after 1, 3, 5, 12 and 24 hours

of dialysis.

Figure 10 shows the inhibitory concentration 50 (ICso) in each case. A549
cells were also treated with empty EP, ME, MP or PL nanoparticles (data not
shown) and no significant differences in growth patterns were found comparing
with untreated A549 cells, meaning that empty nanocapsules were not toxic within
the measured concentrations. It was found that DOC-MP and DOC-PL
nanocapsules characterized by a higher amount of Pluronic F127 had lower

cytotoxicity than the particles with less concentration of this molecule (DOC-ME
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nanoparticles) and the pure epikuron ones (EP nanoparticles). A markedly lower
proliferation rate was observed in A549 cells treated with docetaxel-loaded
nanocapsules than those treated with free docetaxel. The four types of docetaxel
loaded nanoparticles induced high cell death levels exerting 11.1-fold (DOC-EP),
8.0-fold (DOC-ME) and 3,2-fold (DOC-MP and DOC-PL) more potent cytotoxic
effect versus free docetaxel. These results indicate that the treatment with docetaxel
loaded nanocapsules enhanced drug internalization by A549 cells allowing a
decrease in the dose. Similar results where showed in our group working with MCF
7 breast cancer cells exposed to lipid nanocapsules composed of a different shell

but similarly loaded with docetaxel (5).

The data reported show that the most cytotoxic particles are those without
Pluronic F127 (DOC-EP) and that as the concentration of poloxamer increase in
the shell of the particles, the cytotoxicity decreases. This phenomenon appeared to
correspond reasonably well to the cellular uptake efficiency, the protein adsorption

and the hydrophilicity character of the surfaces.
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Figure 10. ICs) values (drug concentration producing 50% reduction in absorbance in control

cells) of free docetaxel and docetaxel-loaded nanoparticles, expressed in nM
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In vitro uptake of nanocapsules by monocytes and macrophages

Additionaly to the zz vitro studies of the particles in A549 cells, an uptake
assay was performed in the monocytic cell line U937 to determine if the
immunitary clearance of these nanocapsules is affected by the shell composition. In
the figure 11 are represented the fluorescence intensity detected by flow cytometry
after 3, 7, 24 and 48h of exposure of monocytic U937 cell line and macrophage-like

activated U937 cells to our different nanosystems loaded with coumarin 6.

The trend of this uptake study in activated U937 cells is the same than the
one in A549. In both cases the uptake is higher in EP nanosystems and this uptake
is reduced when the concentration of poloxamer increases on the surface. In both
cases the steric repulsion effect produced by the extended PEO chains of pluronic
127 prevents protein adsorption and thus, interactions with macrophages and
A549 cells. The concentration of pluronic may also play an important role because
it has been reported that in general PEG chains, which have the same structure
than PEO chains of poloxamer, form different structures on the surface of the
particle for a low or a high surface coverage. The configuration adopted at low
concentration is called “mushroom” where chains are located closer to the surface
leaving gaps compared with the configuration adopted at high concentration of
PEG and pluronic, known as “brush” because the motion of the chains is
restricted, guaranteeing a complete coverage of the surface (45, 46). The surface of
ME nanoparticles is composed by a low concentration of pluronic F127 while MP
and PL present a high concentration. Stolnik et al working with polystyrene
nanoparticles which were incubated with different concentrations of poloxamer
obtaining different percentage of surface coverage showed a decrease in protein
adsorption when the coverage by poloxamer was increased and improved
circulation time in blood (47). Uptake by macrophages is also affected by the charge

of particles (48). Particles bearing cationic or anionic surface charges are
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phagocytated to a higher extent compared to neutral particles of the same size and
they also present a higher uptake in non-phagocytic cells (49). According to
electrophoretic mobility results EP nanoparticles are strong negatively charged as a
result of the phospholipid molecules composition and this anionic charge may be
related with the higher uptake of this nanosystem by macrophages. When the
concentration or poloxamer increases in the surface the charged is reduced along

with protein adsorption and uptake by cells.

500 . . . . . . .
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Figure 11. Quantitative study of cellular uptake efficiency for the EP,ME, MP and PL
nanocapsules loaded by Coumarin 6 in activated U937 cells (A) after 3, 7, 24 and 48h.

Conclusions

In this study different techniques were used to investigate how the surface
composition of lipid nanocapsules influences the protein adsorption and hence, the
uptake and cytotoxicity by cancer cells, and the immune clearance by macrophages.
ITC and electrophoresis were used to study the interactions between proteins and
nanoparticle surfaces showing that the presence of poloxamer, a non-ionic

surfactant, on the surface of lipid nanocapsules significantly reduced protein
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adsorption when particles were dispersed in culture medium with proteins, by
increasing the hydrophilicity of the surface and the steric hindrance. This affected
their uptake by cancer cells and cytotoxicity, since both were decreased when the
density of poloxamer in the shell was higher. Macrophage association was also
significantly reduce upon functionalization of the lipid nanoparticles with
poloxamer. Hence, the nature and concentration of the surfactant can be used to

control the interactions of lipid nanocapsules with the biological environment.
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Chapter 5. Conclusions

According to the objectives proposed, the conclusions of the more relevant results

of this thesis are:

< Using a simple solvent displacement technique it was possible to prepare lipid
nanocapsules with the required droplet size, monodispersity, and colloidal stability
constituted by an olive oil core and a polymer shell of different surfactants,
including phosphatidyl-serine, that let us to synthesized a novel lipid nanocapsule
system in which the shell was enriched by carboxyl groups, capable of covalently

linking antibodies.

<> When a lipophilic molecule (e.g. Nile red, Coumarin 6 or docetaxel) was
encapsulated in the oily core of lipid nanocapsules, its uptake by tumor cells was
highly favored according to the iz vitro studies. A markedly lower proliferation rate
was observed in cancer cells treated with docetaxel-loaded nanoparticles than cells

treated with free docetaxel. Encapsulated docetaxel maintained its full activity and

249



5. Conclusions

preserved its mechanism of action, suggesting that the use of lipid nanocapsules

may allow decreased doses of docetaxel without loss of therapeutic effect.

< Folate-chitosan conjugates bearing different folate concentrations and lipid
nanocapsules coated by these conjugates were successfully synthesized yielding to a
novel functionalized nanosystem. When folate targeted nanosystems were studied 7z

vitro they showed specific intracellular uptake in folate-receptor-positive cell lines.

< A novel lipid nanocapsule system composed, among other surfactants, by
deoxycholic acid for covalent immobilization of protein molecules through
carboxyl groups, was successfully prepared, and a simple method to vectorize these
systems with monoclonal antibodies was established. The immunological
recognition of specific antigen molecules revealed an adequate sutrface disposition

of antibody molecules on the surface.

< Immuno-nanocapsules functionalized with herceptin, a monoclonal antibody
against HER2 receptor, were obtained. Iz vitro studies suggested their ability to

deliver drugs selectively toward target cells: HER2 positive breast cancer cells.

< The presence of poloxamer on the surface of lipid nanocapsules significantly
reduced protein adsorption when particles were dispersed in culture medium with
proteins. The presence of this non-ionic surfactant increased the hydrophilicity of
the surface and the steric hindrance, which reduced the adhesion of proteins.
Uptake and cytotoxicity was dependent on the surface properties of the
nanocarriers, in such a way that when the concentration of poloxamer was
increased in the shell of the particles the uptake was less effective and, therefore,
the nanoparticles were less toxic because the protein corona was less developed.
Uptake by cancer cells and macrophages was higher when the protein adsorption

ability was strengthened. Hence, the nature and concentration of the surfactant can
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be used to control the interactions of lipid nanocapsules with the biological

environment.

<> Characterization of nanocarriers in terms of electric state and colloidal stability
agreed with the nature of the shell of nanocapsules and the electrophoretic results
confirmed the presence of the different molecules used in their synthesis. When
particles were functionalized with proteins, the original isoelectric point of bare

particles moved towards the isoelectric point of the pure protein.

Conclusiones

En relacién a los objetivos propuestos, las conclusiones extraidas de los resultados

mas relevantes de esta tesis son los siguientes:

< Mediante una técnica de desplazamiento de solvente se sintetizaron
nanocapsulas lipidicas, con tamafio, estabilidad coloidal y monodispersidad
adecuados, constituidas por un nuicleo de aceite de oliva y una pared polimérica
compuesta por diferentes surfactantes tales como la fosfatidilserina, entre otros.
Mediante la utilizaciéon de este fosfolipido se preparé un nuevo sistema con una
cubierta enriquecida en grupos carboxilo para permitir la unién covalente de

anticuerpos a través de estos grupos.

< La captacién de moléculas hidroféficas tales como Rojo Nilo, Cumatina 6 o
docetaxel por parte de distintas lineas celulares cancerigenas se incrementéd cuando
éstas fueron encapsuladas en el nicleo oleoso de las nanocapsules de acuerdo con
los ensayos in wvitro. Ademas, la tasa de proliferacion de las lineas celulares
cancerigenas que fueron tratadas con particulas que contenfan docetaxel en su
nucleo oleoso, se redujo en comparacion con aquéllas tratadas con docetaxel sin

encapsular. La encapsulaciéon de docetaxel no alteré su mecanismo de accién ni
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actividad. Esos resultados sugieren que gracias al uso de nanocapsulas lipidicas, las

dosis de docetaxel se pueden reducir sin que se pierda su efecto terapéutico.

< Se consiguié sintetizar conjugados de quitosano y 4cido félico a distintas
concentraciones, que se dispusieron adsorbidos en la pared de las nanocapsulas
lipidicas, dando lugar a nanosistemas vectorizados frente a receptores de acido
félico, que estan sobreexpresados en algunas lineas celulares de cancer. Se estudié la
captacion de dichos sistemas 7z vitro en células cancerigenas confirmando una mayor
captacion por aquellas células que sobreexpresaban receptors frente a dicha

molécula.

< Se desarrollé un nuevo sistema compuesto por 4cido desoxicélico, entre otros
surfactantes, para permitir la inmobilizacién de proteinas a través de los grupos
carboxilo aportados por dicha molécula, y se establecié un método sencillo de
vectorizacion de estos sistemas con distintos anticuerpos monoclonales. Los
ensayos inmunolégicos de las particulas vectorizadas mostraron reconocimiento
especifico antigeno-anticuerpo, demostrando que la disposicion de los anticuerpos

en la superficie unidos covalentemente es adecuada.

< Se obtuvieron nanocapsulas funcionalizadas con herceptin, un anticuerpo
monoclonal frente al receptor HER2, sobreexpresado en algunos tipos de cancer.
Los ensayos z vitro mostraron la capacidad de estos sistemas para liberar farmacos

de forma selectiva frente a células cancerigneas HER2 positivas de cancer de mama.

< La presencia de poloxdmero en la superficie de las nanocapsulas lipidicas redujo
significativamente la adsorcion proteica cuando las particulas estaban dispersas en
medio de cultivo suplementado con suero bovino fetal. La presencia de este
surfactante no iénico aumenté la hidrofilicidad de la superficie y el impedimento
estérico lo que se tradujo en una menor adhesion de proteinas La captacién de estas

particulas y su citotoxicidad también fueron dependientes de la composicién de la
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supetficie de modo que a medida que la concentracién de poloxdmero aumenté en
la pared de las nanoparticulas, la captacion por parte de las células fue menos
efectiva y por lo tanto las nanocapsulas portadoras de docetaxel menos citotoxicas.
Por lo que la naturaleza y concentraciéon del surfactante se puede modificar para
controlar la interacciéon de las nanocapsulas lipidicas con el medio en el que se

encuentran dispersas.

< Los resultados obtenidos de la caracterizacién fisico-quimica de los
nanosistemas, en relacién al estado eléctrico y la estabilidad coloidal de las
nanocapsulas, confirmaron la presencia de las distintas moléculas usadas en su
sintesis. Cuanto se funcionalizaron las particulas con proteinas, el punto isoeléctrico

original de las particulas sin vectorizar se acercé al de la proteina pura.
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