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ABSTRACT

ABSTRACT

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. The development of targeted therapies, especially for cancer, is one of
the main goals of nanomedicine today. Conventional chemotherapy usually prompts
modest tumor response and provokes undesirable side effects due to the nonspecific
action of drugs on proliferating tissues. To avoid these and other disadvantages, drug
nanocarriers should be formulated to deliver the antitumor drug directly to the
cancerous cells. The main objective of the application of nanomedicine in cancer is to
have a better therapeutic effect, to increase the bioavailability and to allow the
administration of lower doses of drug while obtaining lower toxicity rates and improving
the patient's quality of life. Another objective is to overcome the multiple mechanisms
of drug resistance that make this treatment ineffective in a high percentage of cancer
cases since some subpopulations of tumor cells have the ability to evade drug associated

cytotoxicity.

However, to have a real translation of nanomedicine in patients it is necessary
the interdisciplinary collaboration of different scientist areas since there is too many
variables to be properly 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 nanoparticles, must be
superficially modified to provide carriers with vectorization properties. Moreover, our
research group has developed several strategies for preparing functionalized polymeric
cross-linked polystyrene nanoparticles (NPs), which are covalently conjugated to
cargoes of different nature. On the other hand, in recent years, lipid liquid nanocapsules
(LLNCs) have been developed as potential nanocarriers. The inner hydrophobic domain,
surrounded by an amphiphilic shell, has been used to encapsulate hydrophobic drugs

that are protected during their transport to the target cells.

Thus, the main objective of this thesis has been the development and evaluation

of two different nanosystems in its composition, for the diagnosis and treatment of
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breast and pancreatic cancer. One of the nanosystems used has been polystyrene NPs.
A novel chemical-based orthogonal bioconjugation strategy to produce tri-
functionalized NPs carrying doxorubicin (DOX), near-infrared cyanine dye (Cy7) and a
homing peptide CRGDK, a peptide specifically binds to neuropilin-1 (Nrp-1)
overexpressed on triple negative breast cancer (TNBC) cells, has been validated. These
theranostic NPs have been evaluated in vitro and in vivo using an orthotopic
xenotransplant mouse model using TNBC cells. In vitro assays show that theranostic NPs
improve the therapeutic index in comparison with free DOX. Remarkably, in vivo studies
showed preferred location of theranostic NPs in the tumor area reducing the volume at
the same level than free DOX while presenting lower side effects. Another of the
nanosystems used have been LLNCs, specifically olive oil liquid nanocapsules (O?LNC).
These LLNCs have been modified to evaluate several biological properties against
cancer. In this sense, LLNCs covered by the human serum albumin (HSA) protein and
loaded with curcumin as a hydrophobic model drug have been successfully developed.
A cross-linking procedure with glutaraldehyde (GAD) was performed to further
strengthen the protective protein layer. Physicochemical properties and release kinetics
of the nanocapsules were investigated, and cellular uptake and killing capacity were
evaluated on the MCF-7 human breast-cancer line. The nanocapsules exhibited a
cytotoxic capacity (ICso) similar to that of free curcumin, but avoiding the problems
associated with excipients, and displayed an outstanding uptake performance, entering
cells massively in less than 1 min. On the other hand, O’LNC functionalized by covalent
coupling of an anti-CD44-FITC antibody (aCD44) that can specifically target pancreatic
cancer stem cells (PCSCs) overexpressing the CD44 receptor have been successfully
developed. Firstly, O’LNCs formed by a core of olive oil were surrounded by a shell
containing phospholipids (Epikuron®), a non-ionic surfactant (Pluronic’ F68) and
deoxycholic acid molecules to provide a surface enriched in solvent-exposed free
carboxylic acid functional groups. Then, O?LNCs were coated with an aCD44 antibody to
the optimized formulation of immuno-nanocapsules (aCD44-0%LNC). The optimization
of an aCD44 coating procedure, a complete physico-chemical characterization of these
functionalized nanosystems, as well as clear evidence of their efficacy in vitro and in vivo,
were demonstrated. Our results indicate the high targeted uptake of these aCD44-

O%LNCs and the increased antitumor efficacy (up to four times) of paclitaxel-loaded
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aCD44-0%LNC compared to free paclitaxel in PCSCs. Also, aCD44-0%LNCs were able to

selectively target PCSCs in an orthotopic xenotransplant in vivo model.
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La nanomedicina estd desempefiando un papel cada vez mas importante en la
investigacion y el desarrollo farmacéutico, principalmente en forma de sistemas de
administracion de farmacos y agentes de imagen basados en nanoparticulas. El
desarrollo de terapias dirigidas, especialmente contra el cancer, es uno de los principales
objetivos de la nanomedicina en la actualidad. La quimioterapia convencional
generalmente provoca una respuesta tumoral modesta y produce efectos secundarios
indeseables debido a la accidon inespecifica de los medicamentos sobre los tejidos en
proliferaciéon. Para evitar estas y otras desventajas, los nano-transportadores de
farmacos deben formularse para administrar el farmaco antitumoral directamente a las
células cancerigenas. El objetivo principal de la aplicacién de la nanomedicina en el
cancer es tener un mejor efecto terapéutico, aumentar la biodisponibilidad y permitir la
administracion de dosis mas bajas de fdrmaco mientras se obtienen tasas de toxicidad
mas bajas y se mejora la calidad de vida del paciente. Otro objetivo es superar los
multiples mecanismos de resistencia a los medicamentos que hacen que este
tratamiento sea ineficaz en un alto porcentaje de casos de cdncer, ya que algunas
subpoblaciones de células tumorales tienen la capacidad de evadir la citotoxicidad

asociada a la quimioterapia.

Sin embargo, para conseguir una traslaciéon real de la nanomedicina a los
pacientes, es necesaria la colaboracion interdisciplinar de diferentes areas cientificas, ya
gue existen demasiadas variables que deben ser controlarlas adecuadamente. Estas
variables incluyen el uso de materiales biocompatibles, obtenidos mediante el
ensamblaje de biomateriales mediante procesos simples pero robustos, y que
generalmente requieren diferentes quimicas de conjugacion seguidas de algunos
procesos de purificacion. Por lo tanto, las formulaciones actuales basadas en
nanoestructuras complejas tales como conjugados poliméricos, micelas poliméricas,
liposomas, nanotubos de carbono o nanoparticulas, deben modificarse superficialmente
para proporcionar nano-transportadores con propiedades de vectorizacién. Ademas,
nuestro grupo de investigacion ha desarrollado varias estrategias para preparar
nanoparticulas de poliestireno que luego se conjugan covalentemente con moléculas de

diferente naturaleza. Del mismo modo, en los ultimos afios, se han desarrollado
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nanocdpsulas lipidicas liquidas (LLNC) como potenciales nano-transportadores. El
dominio hidrofébico interno, rodeado por una corteza anfifilica, se ha utilizado para
encapsular medicamentos hidrofébicos que estan protegidos durante su transporte a

las células diana.

Por lo tanto, el objetivo principal de esta tesis ha sido el desarrollo y la evaluacién
de dos nanosistemas diferentes en su composicidn, para el diagndstico y tratamiento
del cdncer de mama y de pancreas. Uno de los nanosistemas utilizados han sido las
nanoparticulas (NPs) de poliestireno. Se ha validado una nueva estrategia de
bioconjugacion ortogonal basada en productos quimicos para producir NPs
trifuncionalizadas, vehiculizando doxorrubicina (DOX), un colorante que emite en el
infrarrojo cercano (Cy7) y un péptido especifico CRGDK, que se une especificamente a
la neuropilina-1 (Nrp-1, la cual se encuentra sobreexpresada en células de cancer de
mama triple negativo (TNBC). Estas NPs terandsticas se han evaluado in vitro e in vivo
utilizando un modelo de xenotrasplante ortotépico en ratones de células TNBC. Los
ensayos in vitro muestran que las NPs terandsticas mejoran el indice terapéutico en
comparacion con la DOX libre. Sorprendentemente, los estudios in vivo mostraron la
ubicacion preferida de las NPs terandsticas en el area del tumor, reduciendo el volumen
al mismo nivel que la DOX libre pero presentando efectos secundarios mas bajos. Otro
de los nanosistemas utilizados han sido las LLNC, especificamente las nanocapsulas
liquidas de aceite de oliva (O’LNCs). Estas LLNC han sufrido varias modificaciones. Por
un lado, se han desarrollado con éxito O?LNCs cubiertas por la proteina albimina sérica
humana (HSA) y cargadas con curcumina como farmaco modelo de tipo hidrofébico. Se
realizé un procedimiento de reticulacidon con glutaraldehido (GAD) para fortalecer aun
mas la capa proteica protectora. Ademas, se investigaron las propiedades fisicoquimicas
y la cinética de liberacién de las nanocdpsulas, y se evalud la absorcién celular y
citotoxicidad en la linea de cancer de mama humano MCF-7. Las nanocdapsulas
exhibieron una capacidad citotéxica (ICso) similar a la de la curcumina libre, pero
evitando los problemas asociados con los excipientes, y mostraron un rendimiento de
absorcion altisimo, internalizdandose en las células de forma masiva en menos de 1
minuto. Por otro lado, se han desarrollado con éxito O2LNC funcionalizadas mediante el

acoplamiento covalente de un anticuerpo anti-CD44-FITC (aCD44) que puede dirigirse
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especificamente a las células madre cancerigenas pancreaticas (PCSC), que
sobreexpresan el receptor CD44. En primer lugar, las O’LNC formados por un nicleo de
aceite de oliva fueron recubiertos por una cubierta que contenia fosfolipidos
(Epikuron®), un tensioactivo no iénico (Pluronic® F68) y moléculas de acido desoxicélico
para proporcionar una superficie enriquecida en grupos funcionales de acido carboxilico
libre expuesto al medio de dispersion. Luego, las O’LNC se funcionalizaron con un
anticuerpo aCD44 para la formulaciéon optimizada de inmuno-nanocdpsulas (aCD44-
O%LNC). Se demostrd la optimizacidn de un procedimiento de funcionalizacién aCD44,
mediante una caracterizaciéon fisicoquimica completa de estos nanosistemas
funcionalizados, asi como una clara evidencia de su eficacia in vitro e in vivo. Nuestros
resultados indican la alta captacion selectiva de estas aCD44-0%LNC y la mayor eficacia
antitumoral (hasta cuatro veces) de aCD44-O’LNC cargadas con paclitaxel en
comparacion con paclitaxel libre en PCSCs. Ademads, los aCD44-0%LNC pudieron dirigirse
selectivamente a las PCSCs y acumularse en el tumor en un modelo in vivo de

xenotrasplante ortotdpico de cancer de pancreas.
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INTRODUCTION

1. CANCER

1.1. Definition

Cancer encompasses a heterogeneous group of disorders with very different
biological properties, applying this general term to define those diseases characterized
by abnormal and uncontrolled growth of the cells of a tissue or organ that extend
beyond their usual limits and can invade adjacent parts of the body or spread to other
organs through the lymphatic system and blood circulation through a process known as

metastasis’.

Cancer is also referred to as a malignant tumor or malignant neoplasm. The
Greek term “neoplasia” means new growth, and refers to the abnormal and
uncontrolled proliferation of cells in a tissue or organ. Most neoplasms proliferate to
form distinct masses, tumors, with malignant neoplasms or malignant tumors being
characterized by a high degree of anaplasia and invasiveness®. Within the process of the
development of cancer or carcinogenesis, it is called tumorigenesis or oncogenesis to
the transition from a normal cell to a tumor cell capable of initiating a tumor, while it is
called tumor progression to the transition of the tumor to metastasis and, often , the

acquisition of cancer resistance to treatment?.

1.2. Epidemiology

According to the latest data compiled by GLOBOCAN, in 2018 there were
approximately 18.1 million new cases of cancer in the world (Figure 1), and 9,6 million
deaths were due to this disease (Figure 2). The most frequent types of cancer differ
between developed and developing countries, as well as between men and women.
However, globally, the five types of cancer with the highest incidence in the world

population are: lung, breast, colorectal, prostate and stomach represented in Figure 1.
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Estimated number of new cases in 2018, worldwide, all cancers, both sexes, all ages

Lung

093 876 (11.6%)

Other cancers
4446 448 (24.6%)

Breast

Corpus uteri 2088 849 (11.6%)

382 069 (2.1%)

Kidney
403 262 (2.2%)
Leukaemia
437 033 (2.4%)
Pancreas
4:? ;II_B @5%) calorectun:
509 590 (2.8%) 1849 518 (10.2%)
Bladder
549 393 (3%)
Thyroid Prostate
567 233 (3.1%) 1276 106 (7.1%)
Cervix uteri Stomach
569 847 (3.2%) 1033 701 (5.7%)

Oesophagus Liver
572 034 (3.2%) 841 080 (4.7%)

Total : 18 078 957

Figure 1: Pie chart present the distribution of new cases of cancers in 2018 for both sexes

worldwide. GLOBOCAN 2018.

Lun
1761007 (18.4%)

Other cancers
3781 406 (39.6%)

Colorectum
880 792 (9.2%)

Stomach
782 685 (8.2%)

Liver

Pancreas

432 242 (4.5%) 781 631 (8.2%)
Oesophagus Breast
508 585 (5.3%) 626 679 (6.6%)

Total : 9 555 027

Figure 2: Pie chart present the distribution of deaths for the 10 most common cancers in 2018

for both sexes worldwide. GLOBOCAN 2018.

Number of new cases in 2018, males, all ages Number of new cases in 2018, females, all ages

Prostate

31728 (20.3%) Breast

32825 (28.7%)
Other cancers
60 496 (38.8%) Other cancers
49 664 (43.4%)
Colorectum
22744 (14.6%)
Kidney Pancreas Colorectum
5773(3.7%) 3777 (3.3%) 14428 (12.6%)
Lun,
Bladder Corpus uteri Lung
14793 (9.5%) 2047130 6784 (5.9%) 6914 (6%)
Total: 155971 Total: 114 392

Figure 3: Pie chart present the distribution of cases for the 10 most common cancers in 2018

for males and females in Spain. GLOBOCAN 2018.
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In Spain, the neoplasms constitute the second cause of mortality, representing
33.1% of the total deaths registered in 2018 according to the latest data published by
the National Statistics Institute, reaching 45% of the total when considering the Age
group between 40 and 79 years. The types of cancer with the highest incidence among
men in our country are prostate, with 20,3% of the total cases registered in 2018; the
colorectal, with 14,6% and the lung with 13,1%; while the most frequent in women are
breast cancer, which represents 28.7% of all registered cancers; the colorectal, with
12,6%; and the lung, with 7% (Figure 3). On the other hand, lung cancer is the leading
cause of mortality from this disease in both sex in Spain, followed by colorectal and

breast (Figure 4).

Age-standardized (World) incidence and mortality rates, top 10 cancers

Incidence

Breast

Prostate

Colorectum

Lung

Bladder

Corpus uteri

Kidney

Non-Hodgkin lymphoma
Ovary

Thyroid

ASR (World) per 100 000

Figure 4: Dual bars present the incidence and mortality rates of the top 10 cancers in Spain.

GLOBOCAN 2018.

Aging is another fundamental factor for the development of cancer. The
incidence of cancer increases dramatically with age, probably due to an accumulation of
risks of specific cancers, combined with the tendency of cell repair mechanisms to lose
their effectiveness when the person ages®. The expected population increase for the
coming years also foresees an aging population, with an annual increase of 2.44% of
people over 60 years of age and an annual increase of 3.35% of the number of people
for the next decades exceed 80 years old. This increase will be greater in developing
countries for both age groups. These data imply an increase from the current 12.7% to

25.8% of the population over 60 years of age in the world by 2050 (UN, 2011). In
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addition, regardless of the population increase and the aging population, an augment in
the incidence rates of this disease has also been observed, which implies a progressive

increase in the occurrence of new cancer cases in the futurel.

1.3. Etiology

Transformation from a normal cell to a tumor cell is a staggered process, which
typically involves a progression from a precancerous lesion to a malignant tumor. These
changes are the result of the interaction between the person's genetic factors and
environmental factors3. These environmental factors include chemicals, complex
mixtures, occupational exposures, physical agents, biological agents and lifestyle-
related factors (International Agency for Research on Cancer. IARC, 2012). Especially
important are the so-called carcinogens, external agents that increase the risk of
developing cancer, which can be subdivided into three main categories: i) physical

carcinogens, ii) chemical carcinogens and iii) biological carcinogens®.

Different types of ionizing and non-ionizing radiation are included among
physical carcinogens. The main non-ionizing radiations are ultraviolet (UV) radiation,
visible radiation and infrared radiation, all of which have the sun as their main source.
This type of radiation shows a low penetration power, so they represent a real danger
to the eyes and skin®. UV radiation is the one with the greatest carcinogenic power, and
it has been shown that exposure to this type of radiation significantly increases the risk

of skin cancer (IARC, 2012).

Regarding chemical carcinogens, they were initially identified by observing the
existence of a relationship between certain types of cancer and certain occupations that
involved exposure to certain substances, such as soot or tar®. At present, several studies
have corroborated the carcinogenic effect of many substances such as aflatoxins,

arsenic, asbestos, formaldehyde and benzene among many others (IARC, 2012).

Tobacco smoke is the most common source of chemical carcinogens for humans,
and it is estimated that smoking is responsible for approximately 30% of cancer cases in
high-income countries. Tobacco smoke contains about 4,800 different compounds, of
which 66 are carcinogens. Of these, polycyclic aromatic hydrocarbons and tobacco-

specific nitrosamines are the most important, although it also has other carcinogenic
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substances such as aromatic amines, heavy metals and benzene. Tobacco use causes 13
types of cancer, although lung cancer is the most relevant among all cancers attributable

to smoking.

Biological carcinogens include infections by certain viruses, bacteria or
parasites’. Approximately 95% was associated with Helicobacter pylori infections,

hepatitis B and C viruses, and human papillomavirus®.

Different studies show that obesity and alcohol consumption increase the risk of
certain types of cancer. On the other hand, physical activity reduces the incidence of
different types of cancer, and also counteracts some of the adverse effects of cancer
treatments, attenuates the progression of the disease and reduces the risk of
recurrence, apart from providing other benefits for health®. In addition, other factors
related to cancer risk are certain reproductive factors and hormones, both endogenous
and exogenous. These are strongly involved in the etiology of breast, endometrial,

ovarian and cervical cancers in women?.

On the other hand, it has been observed that some cancers have a hereditary
component and tend to show family aggregation, although it is estimated that only 5-
10% of cancer cases are due to inherited germline mutations3. Genetic susceptibility to
cancer is focused on the study of inherited genetic variations and their association with
cancer risk. In this sense, many studies show that some genetic polymorphisms in certain
genes increase the risk of certain types of cancer’. These cancer susceptibility genes are
usually mainly oncogenes, tumor suppressor genes or cancer risk modifying genes.
Various susceptibility genes have been identified and related to the risk of suffering from
various types of cancer such as breast, colorectal, prostate, lung or bladder, among

others’.

1.4. Carcinogenesis

Carcinogenesis is a staggered process, during which cells undergo profound
metabolic and behavioral changes that lead to excessive and premature proliferation,
allowing them to escape the action of the immune system and eventually invade distant

tissues to form metastases’®. The development of cancer is driven by the accumulation
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of alterations that affect the structure and function of the genome, while genetic

alterations and epigenetic changes are equally important in this process.

In order for a cell to become cancerous, it has to acquire certain characteristics,
among which are mainly: i) the maintenance of proliferative signaling, ii) the evasion of
growth suppressing mechanisms, iii) resistance to cell death, iv) the replicative
immortality, v) the induction of angiogenesis, vi) and the activation of its invasion and
metastasis capacity® (Figure 5). In addition, in recent years two new characteristics of
cancer cells that can bind to those mentioned above have been described, such as: vii)
reprogramming of energy metabolism, viii) and the ability to evade their destruction by
the immune system?° (Figure 5). In addition to these characteristics, several studies have
shown that, in the early stages of the neoplasms, the cells show certain characteristics
that, in turn, allow the acquisition of the characteristics mentioned above, such as: ix)
genomic instability and increase in mutation rates!!; x) and the induction of

inflammatory processes®? (Figure 5).

Sustaining
proliferative
signaling

Deregulating Evading
growth

SUppressors

Resisting Avoiding

o immune
death destruction
Inducing Enabling
SR replicative
Activating immortality
invasion &

metastasis

Figure 5. Main characteristics of cancer cells (Image modified from Hanahan and Weinberg®)
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1.4.1. Maintenance of proliferative signaling.

Cancer cells can acquire high proliferative capacity through different pathways.
One possibility is the production of mitogenic growth factors by the tumor cell itself that
stimulate its proliferation in an autocrine way?*3. Alternatively, the interactions of cancer
cells with normal cells, which support the tumor, can stimulate them to provide growth
factors to cancer cells!*. Another mechanism consists in increasing the expression levels
of surface receptor proteins in cancer cells, making them more sensitive to growth

factors.

Within the human genome, there are a large number of genes involved in the process
of cell proliferation, known as protooncogenes. These genes are referred to as
oncogenes, and their oncoprotein products, when they appear mutated or expressed
incorrectly, accelerating progression through the cell cycle and producing an

uncontrolled proliferation of cells!>.

1.4.2. Evasion of growing suppressing mechanisms.

In addition to the ability of cancer cells to induce and keep growth stimulating
signals activated, these cells must also bypass powerful programs that negatively
regulate cell proliferation. Many of these programs depend on the action of genes called
tumor suppressors®. Epigenetic mutations or alterations that inactivate these genes
cause an increase in mutation rates, favoring the appearance of mutations in other
tumor suppressor genes and protooncogenes and, therefore, promoting

carcinogenesis?®.

1.4.3. Resistance to cell death.

Apoptosis is a strictly regulated form of cell death that plays a fundamental role
in normal development and tissue homeostasis by eliminating unnecessary or harmful
cells'’. There are two main apoptotic pathways: i) the extrinsic pathway, which receives
and processes apoptosis-inducing extracellular signals, ii) and the intrinsic route, which
detects and integrates a variety of signals of intracellular origin.>'"'8Apart from
apoptosis, there are other mechanisms of cell death, including autophagy, necrosis and

mitotic catastrophe®®.
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1.4.4. Angiogenesis induction.

Like normal tissues, tumors require food in the form of nutrients and oxygen, as
well as the ability to evacuate metabolic wastes and CO,. The neovasculature associated
with the tumor, generated by the angiogenic process, is aimed at meeting these needs®.
However, tumor vessels are disorganized and heterogeneous, showing certain structural

and functional differences with those of normal vasculature?°.

1.4.5. Replicative immortality.

Most normal cell lineages in the body have a limited number of growth and
division cycles. This limitation has been associated with two distinct barriers that restrict
proliferation: i) senescence, which entails an entry, usually irreversible, into a non-
proliferative, but viable state; ii) and the crisis, which implies cell death. On some
occasions, cells in culture arise from a population in crisis and show unlimited replication
potential, thanks to a process known as cell immortalization, a characteristic feature of
established cell lines. Regarding cancer cells, it is widely accepted that these cells require

unlimited replication potential in order to be able to generate macroscopic tumors®.

1.4.6. Activation of the capacity of invasion and metastasis.

As the neoplasms progress in their pathological degree and malignancy, cancer
cells acquire the ability to spread from the primary tumor to other organs, which is
reflected in local invasion and distant metastasis®. This process can be subdivided into
several steps, which are collectively known as the invasion-metastasis cascade: i)
vascularization and progressive growth of the primary tumor, ii) local invasion through
the extracellular matrix (ECM) and cell layers of the surrounding stroma; iii) the
intravasation of cancer cells to the lumen of the lymphatic and blood vessels, iv) survival
to transport, v) the arrest of these cells in distant organs, vi) the extravasation to the
parenchyma of these tissues, vii) the formation of micrometastases and, viii) the growth
of these cancer cell nodules to cause macroscopic tumors, a process that is referred to

as "metastatic colonization"2%22 (Figure 6).
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Figure 6. Schematic representation of the invasion-metastasis cascade.?%??

When circulating tumor cells adhere to the capillary beds, they pass through the
vessel wall through a process called extravasation, entering the parenchyma of the
target organ and causing micrometastases?’. Regarding metastatic colonization, it has

been observed that angiogenesis plays a crucial role in the growth of micrometastases?3.

1.4.7. Other characteristics of cancer cells.

The acquisition of the characteristics listed above, which allow cancer cells to
survive, proliferate and spread, depends largely on a succession of alterations in the
genomes of these cells. It has been observed that cancer cells show an increase in
mutation rates compared to the rest of the body's cells. This genomic instability is mainly
due to: i) the appearance of defects in the DNA maintenance and repair machinery; ii)
and to a telomeric dysfunction, caused by the loss of telomeric repeats or telomere

protection structures®11.24,

On the other hand, the tumors appear infiltrated by cells of the immune system
and, therefore, reflect the inflammatory conditions that arise in non-neoplastic tissues.
These inflammatory processes associated with tumors also participate in the acquisition,
by incipient neoplasms, of the distinctive characteristics of cancer cells. Inflammation
caused by tumors contributes to carcinogenesis primarily through the supply of

bioactive molecules in the tumor microenvironment.?122>,
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Finally, cancer cells employ different mechanisms to evade the attack and their
elimination by cells of the immune system. These cells show low immunity, although
some are recognized and eliminated by immune cells. This fact reveals the double role
that the immune system plays in tumorigenesis since, on the one hand, it participatesin
tumor development and progression and, on the other hand, it plays an active protective

role in the elimination of cancer cells®?2°.

2. TYPES OF CANCER

2.1. General Classification

There are multiple classifications of tumors, however a simplified way of
classifying them, widely used, is the application of a nomenclature depending on their
location. Thus, there is usually talk of cancer of the colon, breast, brain, lung, prostate,
ovary, larynx, liver, etc. However, each of these tumor types encompasses a set of
subtypes that differ in their molecular profile, morphology or the expression of specific

markers, something known as intertumoral heterogeneity?’.

Depending on the tissue from which the cancer originates, three main types are
distinguished: i) carcinomas, which represent solid tumors that originate from epithelial
cells that line the internal and external surfaces of the body; ii) sarcomas, solid tumors
that develop from connective tissue cells, such as muscles or bones; iii) and lymphomas
and leukemias, which are cancers of white blood cell cells. In addition to these,
depending on the tissue of origin, other types of cancer can also be distinguished, such
as blastomas, which are derived from embryonic tissues of the organs, or myelomas,

which develop from the bone marrow tissue?.

2.2. Breast Cancer

2.2.1. Incidence and Mortality.

Breast cancer is, by far, the most frequent cancer among women with an
estimated number, in 2018, of 2,09 million new cases of cancer diagnosed worldwide. It
represents 11,6% of all cancers that develop in women (Figure 1), and ranks second
overall. Although it is the most common cancer in women in both developed and
developing regions, the incidence rates are much higher in the former. The risk of

suffering from this type of cancer appears mainly from the age of 40, and it increases as
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the age progresses. In our country, the incidence of breast cancer among women is
estimated at 28.7% compared to the total number of registered cancers (Figure 7)

(GLOBOCAN 2018).

Number of new cases in 2018, females, all ages

Breast

32 825 (28.7%)
Other cancers
49 664 (43.4%)
Pancreas Colorectum
3777 (3.3%) 14 428 (12.6%)
Corpus uteri Lung
6784 (5.9%) 6914 (6%)

Total: 114 392

Figure 7: Pie chart present new cases of breast cancer in 2018, females. Spain. (GLOBOCAN

2018)

The mortality rate range is much smaller because of the greater survival in
developed regions (GLOBOCAN). This decreasing in breast cancer mortality in developed
countries in the last two decades is mainly due to the improvement of diagnostic
techniques, such as mammograms, and of the treatments applied.! As a result, breast
cancer is ranked as the fifth leading cause of cancer death globally, representing a

mortality rate of 6.6% of the total (Figure 2).

2.2.2. Etiology

The main external agents involved in the development of breast cancer in
humans are alcoholic beverages, drugs such as diethylstilbestrol, contraceptives and
menopausal therapies that combine estrogen and progesterone, as well as X and gamma
radiation. All these factors are classified within group 1 according to the IARC carcinogen

classification?® (IARC, 2012).
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Another important risk factor is that due to genetic predisposition. Thus, for
example, certain alleles of genes such as BRCA1, BRCA2, TP53 or PTEN, confer a high risk
of breast cancer, while certain genetic variations that affect genes such as PALB2, BRIP,
ATM or CHEK?2, are related to a risk moderate3°. Of all of them, the best known are the

tumor suppressor genes BRCA1 and BRCA2.

2.2.3. Subtypes.

The WHO classifies the different tumors that affect the breast, from the
histological point of view, into eight main groups: i) epithelial tumors, ii) myoepithelial
lesions, iii) mesenchymal lesions, iv) fibroepithelial tumors, v) nipple tumors, vi)
malignant lymphomas, vii) metastatic tumors, viii) and male breast tumors. The vast
majority of these tumors are adenocarcinomas. Regarding men, there are two subtypes
of breast tumors: gynecomastia and carcinomas, which in turn are divided into in situ or

invasive3l.

Another classification of this type of cancers, of great clinical relevance, is based
on the molecular study of tumors. This molecular classification provides valuable
information when choosing the most appropriate therapy in each case, as well as serving
as a prognostic value of the disease. The molecular markers traditionally used are the
estrogen (ER) and progesterone (PR) receptors, and the type 2 EGF receptor (HER2), also
known as ERBB232. According to this classification, four main intrinsic molecular
subtypes of breast cancer are distinguished, which are referred to as: i) luminal A, ii)

luminal B, iii) HER2, iv) and basal type33-3°,

The luminal A and luminal B subtypes are characterized by expressing luminal
cell markers®*. Tumors of the luminal subtype A express ER and/or PR, but do not
overexpress HER2 (ER and/or PR*/HER2’), while those of luminal subtype B do
overexpress HER2 (ER and/or PR*/HER2*). The HER2 subtype is characterized by not
expressing hormonal receptors, so its growth is independent of both hormones, and by
an overexpression of the HER2 protooncogen (ER/PR/HER2*). On the other hand, the
so-called basal type cancer is characterized by being ER"/PR'/HER2", being also referred
to as triple negative®. Of all the subtypes identified, the basal type is the most
undifferentiated breast cancer and the worst prognosis for the patient. This subtype is

the most frequent in women who present mutations in the BRCA1 gene in the germ line.
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2.3 Pancreatic Cancer

2.3.1. Incidence and Mortality.

In 2018, 458,918 new cases of pancreatic cancer were diagnosed worldwide. It
represents 2.5% of all cancers that develop in both sexes (Figure 1), and ranks 11th
overall. Although it is a fairly common cancer in women and men, both in developed and
developing regions, the incidence rates are much higher in the former. The risk of
suffering from this type of cancer appears mainly after the age of 35, and it increases as
the age progresses. In our country, the incidence of pancreatic cancer among the
population is estimated at 2,9% compared to the total number of registered cancers

(Figure 8) (GLOBOCAN 2018).

New cases Deaths
Cancer Number Rank (%) Number Rank (%)
Breast 32825 1 12.1 6421 4 57
Prostate 31728 2 17 5793 5 5.1
Lung 27 351 3 10.1 22 896 1 20.2
Colon 24119 4 8.9 12423 2 10.9
Bladder 18 268 5 6.8 5680 6 5.0
Rectum 12 570 6 4.6 4145 9 3.6
Kidney 8075 7 3.0 2 861 13 2.5
Non-Hodgkin lymphoma 7 811 8 2.9 3044 12 2.7
Pancreas 7 765 9 29 7 279 3 6.4
Stomach 7 684 10 2.8 5609 7 4.9

Figure 8: Incidence and mortality by cancer site in Spain. GLOBOCAN 2018.

The range of the mortality rate is much greater, approximately 4,5% for the world
population (Figure 3). As a result, pancreatic cancer ranks as the 7™ leading cause of
cancer death globally, representing a death rate of 44% of the total. In Spain, it is
estimated that 7.279 people died from pancreatic cancer in 2018, which represents a
mortality rate of 6.4% of all deaths due to cancer and ranks as the 3t leading cause of

cancer death (Figure 8) (GLOBOCAN 2018).

2.3.2. Etiology.
To date, the causes of pancreatic cancer are still insufficiently known, although

certain risk factors have been identified. People are at higher risk to develop pancreatic
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cancer with any of the risk factors such as smoking, obesity, genetics, diabetes, diet and
inactivity3¢~38, Smoking is one of the most important risk factors for pancreatic cancer
and the risk persists for at least 10 years after smoking cessation3?4°, The risk of
developing pancreatic cancer increases with age3’. Over 80% of pancreatic cancers
develop between the ages of 60 and 80 years. Excess weight (obesity) is also a risk factor
for pancreatic cancer.3®*! On the other hand, pancreatic cancer is more common in
people with diabetes but the reason for this is unknown. The risk is mainly in people

with type 2 diabetes.*?

Patients with pancreatitis, especially the chronic or recurrent forms, had a
moderate excess of pancreatic cancer risk.** About 4% of chronic pancreatitis patients

developed pancreatic cancer.*

In addition, pancreatic cancer has been linked to a diet with a high consumption
of red and processed meats (such as sausages and bacon) and low consumption of fruits
and vegetables (vegetables).*>%® Infections of the stomach with the bacterium
Helicobacter pylori (H. pylori) that causes ulcer, or infections with Hepatitis B can also
increase the risk of pancreatic cancer.*” Other potential risk factors include aspirin use,
occupational exposure to certain pesticides, and dietary factors such as carbohydrate or

sugar intake®”48,

2.3.3. Subtypes.

Pancreatic cancer consists of several histological subtypes including: 1) Pancreatic
adenocarcinoma which accounts for approximately 95% of cancers of exocrine
pancreas. Generally, these cancers originate in the ducts of the pancreas (Pancreatic
ductal adenocarcinoma (PDAC)). Il) Less common types of exocrine cancer: the other
less common types of exocrine pancreatic cancer include adeno-squamous carcinomas,
squamous cell carcinomas, seal ring cell carcinomas, undifferentiated carcinomas, and
undifferentiated giant cell carcinomas. 1ll) Ampullary cancer (carcinoma of the ampulla

of Vater). IV) Benign and precancerous tumors in the pancreas.**—>1
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3. THEORIES ABOUT INTRATUMORAL HETEROGENEITY

3.1. Stochastic Model

The stochastic model or clonal evolution model proposes that the tumors are
monoclonal, that is, they come from a single abnormal cell, and that, over time, the
descendants of this ancestral cell acquire several combinations of mutations, producing
a clonal selection for the acquisition of certain advantages over neighboring cells. This
genetic variability would be responsible both for the progression of the tumor, and for

the existence of cellular differences within it, that is, intratumoral heterogeneity.>?>3

This model maintains that all cells within a tumor are biologically equivalent and,
therefore, have the same ability to regenerate the tumor. The morphological,
proliferative and functional heterogeneity observed between the cells of the same
tumor are due to random or stochastic influences that alter the behavior of the
individual tumor cells. These stochastic events can be: i) intrinsic, such as variations in
levels of transcription factors or deregulation of signaling pathways; ii) or extrinsic, such
as an appropriate microenvironment or immune response. Thus, this model establishes
that all tumor cells have the same potential to boost tumor growth, although only a
small population develops this functionality. What determines that a cell acquires the
ability to start a tumor is due to the appropriate influences, making it impossible to

prospectively isolate the tumor-initiating fraction (Figure 9).>%>>

3.2. Cancer Stem Cells Model or Hierarchical Model

The cancer stem cell model (CSC) or hierarchical model postulates that tumors
develop from a subset of malignant cells that have stem cells (SC) characteristics, which
are the only cells capable of initiating and maintaining tumor growth (Figure 9). These
CSCs, also commonly known as tumor-initiating cells (TIC), are defined by properties as:
i) its ability to initiate tumors and direct neoplastic proliferation; ii) its capacity for
infinite self-renewal; iii) its ability to divide asymmetrically, leading to a more mature
offspring of rapidly expanding progenitor cells, which eventually differentiate and
deplete their proliferative potential, potentially causing any tumor cell to originate; iv)
its resistance to apoptosis; v) or its metastatic potential. Thus, according to this model,
this population of CSC shows certain differences with the rest of the tumor cells, so it

should be possible to isolate them prospectively.>>
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Figure 9. Theories of intratumoral heterogeneity: Stochastic, hierarchy and dynamic model

(Image modified from Dick, 2009 and Vermeulen, L. et al. 2012).>*°¢

One of the first experiments that corroborated the existence of CSC was that

performed by Chester M. Southam and Alexander Brunschwig in 1961. In their studies

they observed that only a very small percentage of tumor cells, which had been
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extracted from patients with disseminated neoplasia and, subsequently, injected
subcutaneously in other parts of the body of the same patients, they had the ability to
form tumors.>” Investigations for the search for this cellular subpopulation occurred in
later years, and were first identified in leukemia in 1994,°8 proposing the possibility that
solid tumors were also driven by CSC.>° Almost a decade later, these cell populations
were described in solid tumors, specifically in breast cancer,® and have subsequently
been identified in other types of cancer. However, currently it has not been shown that
all cancers can be explained by this model, and it is even thought that the origin of these

CSCs may follow a clonal evolution model.®!

3.3. Dynamic Model.

In the hierarchical model, the differentiated tumor cells have lost their
clonogenic capacity and only the CSCs contribute to the expansion and long-term
progression of the malignancy. This model suggests that CSCs should be the target for
successful therapeutic intervention. Unfortunately, CSCs seem to be more resistant than
differentiated tumor cells to most of the common therapies,>® which could explain
therapeutic failure; the applied drug effectively kills most of the differentiated tumor
cells, resulting in tumor shrinkage, yet the CSCs are relatively unharmed and reside in
the fibrotic tissue that remains from the initial tumor bulk. After therapy is discontinued,
the highly tumorigenic CSCs resume growth, which clinically manifests itself as a relapse.
With this in mind, many researchers were convinced that specific and effective targeting
of the CSC population could cure the patient. Crucially, this assumption relies on the idea
that the CSC population is stable over time, and that CSC features are intrinsic qualities
that cannot be attained by differentiated tumor cells. However, novel data, from
Vermeulen, L. et al. and several others, suggest that this is not the case.®?% The CSC
phenotype is much more fluid than anticipated and is strongly regulated by the tumor
microenvironment (TME). They refer to this concept as the dynamic CSC model (Figure
9); this nuanced view of the nature of CSCs might settle much of the dispute between
those who view CSCs as a factual entity and those who consider them an illusion.
Additionally, this notion directly affects the design of novel therapies aimed at targeting

the CSC population.>®
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In addition, researchers of our group have proposed a novel point of view about
tumor origins based on the dynamic model. Since the development of an effective
therapeutic strategy against CSCs has proved to be complex and until now, not very
effective, we suggest a different approach focused on targeting those cells that could
induce the CSCs appearance from non-stem tumors cells, and their subsequent
migration and niche nesting. The proposed model postulates that a non-CSC (or a few
number of non-CSCs) have the capacity to generate a primary tumor. While the primary
tumor is growing, it promotes the malignant transformation of the surrounding tissue-
associated cells to form the TME. By the action of many factors (Figure 10), including
mRNAs (purple circles), secreted by these cells, some non-stem tumor cells located in
the edge of the tumor revert their phenotype to a more undifferentiated state, turning
into stem-like cells (CSCs). These CSCs can escape from the primary tumor and originate
the metastatic tumor, thus the cell type of origin of the primary and metastatic tumor is

different explaining the differences between both types of tumors.®
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Figure 10: New model of cancer development.®®
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4. THEORIES ON INTERTUMOR HETEROGENEITY

4.1. Mutational Model

The mutational model postulates that the variability observed between tumors
that arise in the same organ are due to genetic and/or epigenetic mutations, which
determine the phenotype of the tumor, so that the differences in morphology and
characteristics of these are the result of different mutations (Figure 11a). This
intertumoral heterogeneity leads to the classification of the different subtypes of
tumors that are located in the same organ, which are characterized by their molecular
profile, their morphology and the expression of specific markers, such as growth factor

and hormonal receptors.?’
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Figure 11. Theories of intertumoral heterogeneity: (A) Mutational model; (B) cell-of-origin

model (Image modified from Visvader, 2011)%
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4.2. Cell-of-Origin Model

The cell-of-origin model determines that the different cancer subtypes that arise
within the same organ or tissue are due to different cell populations in the hierarchy of
the cell lineage (Figure 11b). According to this model, each normal cell of the organism,
whether SC, progenitor or differentiated, can accumulate mutations and become the
cell of origin. Depending on the degree of differentiation of the cell that initially acquires

the tumor phenotype, one tumor subtype or another will develop (Figure 11b).%’

The concept of the cell-of origin refers to the cell that acquires tumorigenic
mutations and becomes the first tumor cell, and differs from the cells responsible for
the spread of the tumor after its creation. After this malignant transformation, the
progression of the carcinogenesis can follow a stochastic model or a CSC model,
regardless of the degree of differentiation of the cell of origin.?” In the case that the
tumor follows a CSC model, the genesis of these may require subsequent modifications
in the cells descending from the origin cell (Figure 12). Thus, although the terms TIC and
CSC are usually used interchangeably, the first one more adequately denotes the cell-of

origin, while the second refers to the cells that spread cancer.?’
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Figure 12. Possible relationship between the origin cell origin and cancer stem cells (CSC).

(Image modified from Visvader, 2011)%
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5. CANCER STEM CELLS (CSCs)

5.1. Self-renewal and Pluripotency in Cancer Stem Cells

Although the SC and the CSC share important functional similarities, such as their
capacity for self-renewal and their potential for differentiation; however, they have
different biological behaviors, mainly due to the profound deregulation of the CSC's
capacity for self-renewal. The differences in the mode of division, the properties of the
cell cycle, the replicative potential and the repair of DNA damage, in addition to the
activation/inactivation of specific molecular pathways for cancer, give CSCs a malignant
phenotype.®® Some of the signaling pathways that appear deregulated in these cells are
related to the self-renewal, differentiation and survival of organ-specific SCs and

embryonic SC (ESCs).8%70

5.2. Identification of Cancer Stem Cells

5.2.1. Isolation and Characterization.

One of the main characteristics used for the identification of CSCs is the
differential expression of specific surface markers by these cells. In this regard, a wide
variety of surface markers have been proposed for the identification of CSCs cell
populations in different tumor types, including, for example, CD133 (PROM1), CD44,
CD34, CD24, CD166 (ALCAM) , CD326 (EpCAM or ESA), CD90 (THY1), CD49, CD184
(CXCR4), CD20, CD38 or CD19, among others.%”71-76

One of the most commonly used markers to define enriched populations of CSCs
in a multitude of tumor types is the CD133. This transmembrane glycoprotein is
considered as a marker of SC and progenitor cells and it is overexpressed in different cell
types such as hematopoietic SC (HSC), endothelial progenitor cells (EPC) and organ-
specific SC of different tissues. Its physiological function, as well as its ligands and
specific secondary messengers are not known exactly, although it is believed to be
involved in the organization of the plasma membrane, and some studies indicate that
the expression of CD133 in CSCs may be related to cell mobility and the ability to form
spheres.®”7778 The selection of CD133"* cells, either by flow cytometry or by sorting
(MACS), in solid tumors and/or tumor cell lines have allowed to obtain subpopulations
of CSC with the capacity to restore the heterogeneity of the original tumor in

immunodeficient animal models.”>8 However, recent research shows that CD133 is also
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expressed in differentiated cells, and it has also been observed that both CD133* and
CD133 subpopulations of metastatic tumor cells have the ability to induce long-term

carcinogenesis in immunosuppressed mice.?!

Another surface marker widely used in the study of CSCs is CD44, a
transmembrane glycoprotein involved in cell-cell and cell-ECM adhesion that regulates
motility and cell proliferation, and which has also been related to tumor growth, cell
invasion and metastasis.2?%* The expression of this marker has been observed in a
multitude of solid tumors, including breast, colon, pancreas, prostate, ovarian, head and

neck cancer; relating in all cases to the CSC phenotype 6085789

For the correct isolation of CSC, the study of more than one biomarker is usually
used, which allows a better selection of this cell population within the set of cells that
constitute the tumor. In fact, different combinations of surface markers have been used
depending on the tumor type, for example: i) CD34*/CD38 in leukemia,”® ii)
CD133*/CD20* in melanoma,’® iii) CD24*/CD44%/CD326" in the pancreatic cancer ,¥’ iv)

or CD44*/CD24 in the ovary and prostate cancers.8%°°

Another method recently used for the identification and isolation of CSCs is the
determination of enzymatic activities, such as ALDH activity. One of the most commonly
used methods to determine this enzymatic activity is the assay with the Aldefluor™ kit.
This test was designed to determine the activity of ALDH1, more specifically of the
isoenzyme ALDH1A1, although recent studies indicate that it is not specific to it, and that
it also allows to determine the activity of other isoenzymes such as ALDH1A2 and
ALDH2.°! The isolation of the cell population within the tumor that shows high ALDH
activity through flow cytometry, has shown that it correlates with an enrichment in cells
with CSC properties in different tumor types such as breast,®? colon,’? prostate,®* lung,®®
head and neck,’® as well as in various lines of sarcoma.?” However, it has also been
observed that ALDH™ populations of breast cancer can generate micrometastases of the
lung, which indicates, therefore, that the metastatic potential is not exclusive to the

ALDH* population, and that this may represent only a fraction of CSCs.*®

Although surface molecules, enzymes, transport proteins and proteins involved

in pluripotency and self-renewal are being used for the identification of CSCs, other
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more reliable tests are functional tests. These include in vitro proliferation assays, ability
to originate colony forming units, sphere formation, adhesion, migration and invasion;
and in vivo tests of tumorigenicity, metastatic ability and ability to recapitulate the
morphological characteristics of the original tumor.®® Of all these functional tests, the
most decisive is the ability to generate high frequency tumor xenografts that restore the

heterogeneity of the original tumor in animal models.

5.2.2. Specific Markers of Breast Cancer Stem Cells (BCSC).

After the initial demonstration of the existence of CSCs in hematopoietic tissue
tumors,>® breast cancer was the first solid malignant disease in which these CSCs were
identified and isolated (Al-Hajj et al., 2003).6° This first identification was based on the
expression of the CD44 and CD24 surface markers. The breast CSCs (BCSC) were
identified by showing a phenotype CD44*/CD247/"°%, since this population showed a

greater tumorigenicity.

CD44*/CD247°% phenotype is the most commonly used to isolate and/or identify
BCSC from human tumors. Some authors have included in their studies new markers
such as: CD133, CXCR4, CD49F (Integrin-a6), DLL1, DNER , ESA, PROCR, ALDH activity,
the ability to exclude Hoechst 33342 dye, and even the ability to form mammospheres
or adhesion capacity (Table 1)100,70,71,83,101,102 Raggrding the culture of breast tumor cells
as mammospheres, on non-adherent surfaces and in conditions of serum deprivation, it
has been observed that this type of culture increases tumorigenicity and the expression

of markers associated with the BCSC phenotype.'%
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Table 1. Some markers used for the isolation, enrichment and/or identification of breast

cancer stem cells (BCSC).

MARKERS REFERENCE

CD44*/CD24 /1w (Al-Hajj et al., 2003)
CD133* (Wright et al., 2008)
CDA49F*/DLLheh/DNERhish (Pece et al., 2010)
PROCR*/ESA* (Hwang-Verslues et al., 2009)
Capacity of formation of mamospheres (Rappa et al., 2008)
Low adhesion (Walia and Elble, 2010)

5.2.3. Specific Markers of Pancreatic Cancer Stem Cells (PCSC).

PCSC populations account for less than 1% of all pancreatic cancer cells. PCSCs
populations express the cell surface markers CD44* CD24* and epithelial-specific
antigen (ESA)*.103104 When it is transplanted into NOD/SCID mice, a CD44*CD24*ESA*
CSC subpopulation isolated from human primary pancreatic cancers readily formed
tumors, while cancer cells lacking these cell surface markers are poorly
tumorigenic.031%4 The CSC marker-positive cells display a 100-fold increased capacity
for the development of tumors and exhibit tumor morphology similar to primary
pancreatic cancer. Moreover, these CSCs maintain their cell surface marker phenotype
after repeated passages as xenografts in immunocompromised mice.1%319 pancreatic
cancers contain 1-3% of CD133* cancer cells, some of which show high expression of
CXCR4, a pro-invasive marker. These CD133*/CXCR4* cells, but not CD133*/CXCR4™ cells,
have significant metastatic capacity. Accordingly, it remains possible that there is more
than one type of CSC sub-population in pancreatic cancer tissues, which would be
consistent with the known heterogeneity of most human tumors.1°*% |n summary,
human PCSCs are enriched in CD44*CD24*ESA*CD133*c-MET*/CD44"or high Aldefluor
activity among others!®’ (Table 2). Regarding the culture of pancreatic tumor cells as
pancreatospheres, on non-adherent surfaces and in conditions of serum deprivation, it
has been observed that this type of culture increases tumorigenicity and the expression

of markers associated with the PCSC phenotype.1%’
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Table 2. Some markers used for the isolation, enrichment and/or identification of pancreatic

cancer stem cells (PCSC).

MARKERS REFERENCE

CD44*/cD24* (Dosch, IS et al., 2015)
cD133* (Kim, MP et al., 2011)
¢-MET+/CD44* (Li,C et al., 2011)
PROCR*/ESA* (Lee, CJ et al., 2008)
Capacity of formation of pancreospheres (Dosch, JS et al., 2015)
Low adhesion (Walia and Elble, 2010)

6. NANOTECHNOLOGY

From ancient times, to find the most suitable way for drug administration has
been a challenging issue. For example, plants and minerals were pulverized and drunk
together with either milk or wine by the ancient Egyptians, as described in Ebers papyrus
(circa 1500 BC). Even before, Sumerians widely used creams and lotions combining
plants, oils and water for medicinal and cosmetic purposes. A Sumerian tale, recorded
on a clay tablet more than four thousand years ago, describes how two friendly gods
reveal to a prince the "secrets of Heaven and Earth": first, “They showed him how to
observe oil on water - a secret of Anu, Enlil and Ea”, and after that “They taught him how
to make calculations with numbers”.1% This early text, specifically linking medicine and
mathematics, could be considered as the first step towards the present-day science

behind the study of drug delivery systems.

An ideal drug delivery system should transport the drug to the targeted organ or
receptor in the required dose, preserving it intact after crossing the different
physiological barriers. Developing the appropriate drug delivery system solves plenty of
the complications related with drug delivery, since it will help to minimize drug
degradation and loss, to prevent harmful side-effects and to increase both drug

bioavailability and the fraction of the drug accumulated in the required zone.
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This problem becomes even more complicated when the drug to be
administered has low solubility in water. Highly potent, but poorly water-soluble drug
candidates are common outcomes of contemporary drug discovery programs,'®®
reaching percentages as high as 80-90% of the total of the possible candidates
depending on the therapeutic area.’’® However, frequently these promising drugs are
dismissed in the first stages of the selection because of the difficulties related with their
administration. As a way of example, their very low solubility hinders dissolution and
therefore limits drug concentration at the target site, often to an extent that the
therapeutic effect is not achieved. This could be overcome by increasing the dose;
however, this dose escalation would cause local toxicity, increased risk of side effects or

even drug precipitation.

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.''? 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.'? 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 NPs, treating diseases
and adding light to our understanding of their pathogenesis. Nanomedicine can be
considered a 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.
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6.1. Nanomedicine: Origin and Advantages.

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

chemistry and leading to numerous publications and patents (Figure 13).
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Figure 13: Evolution of the number of papers published annually indexed in the WOS during

the XXI century on nanomedicine using two different search terms.!®

Nanomedicine applications are grouped in three interrelated areas: regenerative

medicine, analytical/diagnostic tools and drug delivery.

6.1.1. Regenerative Medicine.

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.'*” There have been great strides
made in using nanomedicine to enhance the functions of cells necessary to regenerate

a diverse number of tissues (such as bone, blood vessels, skin, teeth, the nervous
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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 in vitro and in 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.'® 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.**® 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!?-123 or
superparamagnetic iron oxide NPs developed to track the migration of mesenchymal
stem cells.’?* Moreover, Ortega-Oller et al. reported the use of nano/microparticles of
PLGA as a delivery system of one of the most commonly used growth factors in bone

tissue engineering, the bone morphogenetic protein 2 (BMP2).1%

6.1.2. Nanodiagnostic Tools.
Nanomolecular diagnostics is the use of nanobiotechnology in molecular

126 and can be termed ‘nanodiagnostics’. Nanodiagnostic tools are developed

diagnostics
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 (e.g. nucleic acid, enzyme,
antibody, receptor, tissue, cell, aptamer) interacts with a compound or microorganism
of interest and the physico-chemical property of a label (such as pH, electron transfer,
heat, electric or chemical potential, mass, optical properties) is used to detect this event.
In heterogeneous formats, a support might be used to immobilize the recognition
element.?” Nanostructures are 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

54



INTRODUCTION

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.!?

It is noteworthy that metal-based NPs are the most promising nanocarriers for
theranosis. Thus, there are a lot of reports using this type of NPs such as dually
functionalized manganese-based layered double hydroxide nanoparticles (Mn-LDH) as
an effective anticancer drug/gene delivery system and for T1 -weighted magnetic
resonance imaging (MRI) in brain cancer theranostics,'?® Gadolinium-based NPs for
theranostic MRI-radiosensitization,'?° Gold-based nanospheres and nanorods particles
used as theranostic agents'3? or theranostics based on iron oxide and gold nanoparticles
for imaging-guided photothermal and photodynamic therapy of cancer,*3! among many

others.

6.1.3. Drug Delivery.

The pharmaco-dynamic and pharmaco-kinetic of drugs can be modulated by
using nanocarriers. In this way, one of the main objectives of Nanomedicine is the
efficient delivery of drugs on pathologic cells or tissues. For this, is essential the use of
vectorized nanocarriers for a directed delivery on a target site. The potential of
eliminating a tumorous outgrowth without any collateral damage through
nanomaterial-based drug delivery has created significant interest and NPs form the basis
for bio-nano-materials'32. A major efforts in designing drug delivery systems are based

on functionalized NPs.133134

The biological activity of a substance therapeutically active (a drug or
biomolecules) 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
qguantity 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,'3> but a large number of drugs cannot be
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administered by this route because the absorbed amount through the gastrointestinal
membrane is too small to produce a therapeutic effect. For these and other problems,
many drugs should be administered by alternative routes such as intravenous, topical or
inhaled route, among others. Parenteral route is particularly important because it avoids
many of the problems associated with oral drug delivery. 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.'3®

Frequently, conventional dosage forms require 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.

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 NPs as drug delivery

137 solubility (many drug

systems include enhancement of pharmacological activity,
molecules can be incorporated in the particle matrix),'38 stability and bioavailability
(designing NPs with optimal size and surface characteristics to increase their circulation
time in the bloodstream),'3® protection from toxicity and physical and chemical
degradation, sustained delivery,*° feasibility of variable routes of administration,'*
facilitation of the drug transport across critical and specific barriers,*? 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.'*> Moreover, the diverse platforms of

nanotechnology can be utilized to combine different drugs into a single nanotherapeutic

agent for synergistic therapeutic benefits.
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7. NANOPARTICLES FOR THERAPEUTIC MOLECULES DELIVERY IN CANCER THERAPY.
CLASSIFICATION OF THE DIFFERENT NANOPLATFORMS.

The main objective of the application of nanomedicine in cancer is to have a
better therapeutic effect, to increase the bioavailability and to allow the administration
of lower doses of drug while obtaining lower toxicity rates and improving the patient's
quality of life.1#* Another objective is to overcome the multiple mechanisms of drug
resistance that make this treatment ineffective in a high percentage of cancer cases

since cancer cells have the ability to evade cytotoxicity.14>146

Anti-cancer nanomedicines require the vehiculization of drugs on
nanostructured platforms. These nanoplatforms are particles of submicron size (10-
1000 nm in diameter),'*’ nanosystems that can be manufactured using a variety of
materials (including polymers, lipids, viruses and organometallic compounds, among
others).1*® In addition, all NP-based drug delivery vectors must be able to transport and
release the drug at a specific location. They can be classified by their physical form or
functional properties, which must be adapted to the specific needs of the drug to be

administered and to the intended therapeutic use.*° (Figure 14)

There are four denominations for nanosystems according to their
composition/structure. Thus, according to its composition we can find Nanoparticles
(solid interior), Nanoemulsions (liquid interior, not miscible, stabilized by surfactant),
Nanocapsules (same as nanoemulsions but surrounded by membrane/polymer) and
Nanocrystals (Crystalline, inorganic interior). According to its structure we can find
organic nanosystems (polymers, proteins, liposomes, micelles and lipids) and inorganic

(metals, semiconductors, carbon and oxides) (Figure 15).
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7.1. Polymer-based Drug Nanocarriers

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.

The polymers of choice are biodegradable and bioavailable due to their better
encapsulation, control release and less toxic properties. The incorporation of
hydrophobic drugs into polymer chains improves their solubility in water and changes
their biodistribution.®> Mucoadhesive materials such as chitosan can be used to
increase contact between the polymer containing the drug and cell membranes.'>?
Several types of polymer-based drug carriers have been tested as possible drug delivery

systems, including polymeric NPs, dendrimers, hydrogels and micelles.

7.1.1. Polymeric Nanoparticles.

The polymeric NPs are designed from biocompatible and biodegradable
polymers and in their synthesis several methods are used based on the needs of their
application and the type of drugs to be encapsulated.>? These particles are solid matrix
systems in which the drug is dispersed within the particle or conjugated with the
polymeric skeleton. Polymeric NPs are formulated to vehicle small hydrophilic or
hydrophobic drug molecules, as well as proteins and nucleic acids. Numerous NPs are in
preclinical or clinical development.’®® For example, NPs comprising hydrophobic
copolymers such as poly (lactic-co-glycolic acid) (PLGA) and polyalkylcyanoacrylate
(PACA) have been used to co-encapsulate chemotherapeutic agents and multi-drug
resistance (MDR) mechanism inhibitors for administration in various types of cancer.'*
Because part of our research focuses on the use of polystyrene NPs, a section of this

introduction (11.1) have devoted themselves to extensive analysis of this nanosystem.

7.1.2. Hydrogels.

Hydrogels are networks of hydrophilic polymers that vary in their structure. The
first one, known as the first network, has a linear structure, while the second network,
called last, is a polymer network with three-dimensional covalent cross-linking. Covalent
bonds between chains affect the properties of the polymer and, therefore, make these

polymers suitable for use as carriers of drugs in the form of micro or NPs. They can
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absorb from 10 to 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.'® Some hydrogels have fluid transport characteristics and stimulus response
characteristics (for example, pH, temperature and light).*>” Several synthetic hydrogels

have also been studied for the purpose of chemotherapeutic drug administration.>®

7.1.3. Dendrimers.

Dendrimers are synthetic polymers that have a highly branched structure
consisting of an initiator core and multiple layers with active end groups. Each layer is
called a generation and they consist of repetitive units.'> Due to this specific structure,
the bioactive agents can be encapsulated inside the dendrimers,*° chemically adhered

or physically adsorbed on the surface of the dendrimer.

Dendrimers show a growing promise as drug delivery vectors and can be generated with
a wide range of scaffolding structures, sizes and surface functionalities. There are
studies where dendrimers are used for simultaneous administration of chemotherapy
agents (5-fluorouracil) and gene therapy (antisense microRNA miR-21).16! Synchronous

administration of the two therapeutic agents resulted in synergistic anticancer efficacy.

7.1.4. Micelles.

Polymeric micelles are formulated through a self-assembly process using block
amphiphilic copolymers consisting of two or more polymer chains with different
hydrophilicity. These copolymers are spontaneously assembled in a core-shell structure
in an aqueous environment. The hydrophobic blocks form the nucleus where the
medicine is transported, while the hydrophilic blocks conform the cover. Due to the
unique properties they possess, polymeric micelles have proven to be effective drug
transporters. For example, specific binding to the target cells (MCF-7 breast cancer cell
line) of paclitaxel-loaded micelles directed with a specific phage protein of MCF-7 cells'6?
has been demonstrated. In addition, micelles loaded with thioridazine (effective drug

against BCSCs) and doxorubicin have been designed, providing a promising combined

strategy for the treatment of breast cancer by targeting both cancer cells and BCSCs.63
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7.2. Lipid-based Drug Carriers

7.2.1. Liposomes.

Liposomes are spherical lipid vesicles formed by an aqueous liquid trapped by
one or more bilayers of natural or synthetic amphiphilic lipid molecules.'®* Liposomes
became one of the first nanoplatforms for drug administration due to their unique
characteristics. Both hydrophilic and hydrophobic therapeutic agents can be
encapsulated and protected from external conditions and can be coated with polymers
and functionalized with specific ligands to attack specific cells.1®> In liposomes, drugs can
be encapsulated in the phospholipid bilayer, in the aqueous liquid nucleus or in the
bilayer interface. Among the "first generation" vectors (not specifically targeted), the
supply of liposomal drugs is certainly the most used successfully in the clinic. Doxil®, a
pegylated liposomal formulation with doxorubicin, was the first liposomal drug
formulation approved by the Food and Drug Administration, USA. UU. (FDA) for the

treatment of AIDS associated with Kaposi's sarcoma in 1995.16¢

7.2.2. Solid Lipid Nanoparticles.

Solid lipid nanoparticles (SLNPs) developed in the early 1990s. They are 50 to
1000 nm in size, formed by a biocompatible/biodegradable lipid matrix made of solid
lipids (i.e., lipids that are solid at room temperature and also at body temperature) and
stabilized by surfactants.’®” SLNPs have many advantages for drug administration, such
as the ability to encapsulate hydrophilic and hydrophobic drugs, good tolerability,
biodegradability and high bioavailability by ocular administration.'81%° The application
of SLNPs formulations for the administration of anti-cancer drugs has overcome many

obstacles commonly seen in conventional cancer chemotherapy. Several anticancer
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drugs have been incorporated and evaluated, including etoposide,'’® methotrexate

and idarubicin.'’? Conventional routes of administration (for example, the intravenous

route) have shown relatively low tumor absorption.'”3

7.2.3. Lipid Liquid Nanoparticles or Nanoemulsions.

Lipid-based nanoemulsions are colloidal oil and water dispersions that typically
have a dispersed phase distributed within a continuous phase that is stabilized by
surfactants and co-surfactants in the oil/water interface.’* Thermodynamically stable

nanoemulsions form spontaneously with the minimum mechanical energy required.
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Because part of our research focuses on the use of nanoemulsions, a section of this

introduction (11.2) have devoted themselves to extensive analysis of this nanosystem.

7.3. Virus based Nanoparticles

Viruses can be considered as living NPs with a core-shell structure. Infectious
agents are in the nucleus surrounded by a shell composed of proteins or proteins
embedded in lipid membranes.’®> They range in sizes from 10 nm to more than one
micron and can be found in a variety of distinctive forms (more abundantly icosahedra,

spheres and tubes).

Virus-like particles offer the great advantages of morphological uniformity,
biocompatibility and easy functionalization, and have been widely used for the
administration of drugs, vaccines and gene therapy due to their high efficiency of gene

transfection and receptor binding properties of spherogenic cells.

7.4. Ceramic Nanoparticles.

Ceramic NPs are typically composed of inorganic compounds such as alumina,
silica and titania.'”> However, the NP core is not limited only to these materials; instead
of metals, metal oxides and metal sulphides can also be used.’® They are generally
bioinert and have porous structures. These NPs have been proposed as medicament
delivery vehicles for transporting drugs for various cancer therapies because these
particles can be easily manipulated with the desired size, shape and porosity.1””'1’8 They
can also be easily functionalized by several molecules due to the presence of negative

charge on the surface.'’®

7.5. Metal-based Nanoparticles.

Metal NPs can be synthesized in extremely small sizes of about 20 nm and,
therefore, the large surface area provides the ability to transport a relatively higher dose
of medications. One of the most used are gold NPs (AuNP) because they are
biocompatible, easy to synthesize, characterize and modify the surface. Therefore, gold
nanoparticles are new agents that are being evaluated for biological detection,

medication administration and cancer treatment.1&°

Other typical metal NPs are the magnetic core and shell NPs. They consist of a

metal or metal oxide core coated with an inorganic or polymeric shell to improve its
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stability and make the particle biocompatible.'8! Metal NPs can be used as thermal
release triggers when irradiated with infrared light or excited by an alternating magnetic
field. In the magnetic orientation of drugs, the magnetic carrier particles with surface
bound drugs are injected into the vascular systems and then captured in the tumor
through a locally applied magnetic field. Several studies have demonstrated the

application of magnetic NPs for drug administration. 8183

Currently, many other metal-based nanosystems, as well as several surface
functionalized hybrid NPs, are being widely used for drug delivery applications, such as
platinum,8* silver and palladium NPs.'8> Quantum dots, fluorescent semiconductor
nanocrystals, have also been thoroughly investigated for the administration of drugs and
images.'®® They combine a small size, a versatile surface chemistry and excellent optical

properties.'8’

7.6. Carbon Nanotubes.

Carbon nanotubes (CNT) are carbon allotropes with a cylindrical nanostructure.
The nanotubes have been built with a length-diameter ratio of up to 28,000,000: 1.8
CNT can be imaginatively produced by winding a single layer of graphene sheet (single-
wall CNT; SWNT) or by winding many layers to form concentric cylinders (multi-wall CNT;

MWNT).18°

Although the CNT has several unique properties, the non-functionalized
(pristine) CNT is poorly soluble and highly cytotoxic. Its functionalization with more
soluble and biocompatible materials has been studied, which shows that it allows to
improve water solubility with the consequent improvement of its biocompatibility.
Functionalized CNTs have been successfully investigated for several biomedical
applications, such as proteins, nucleic acids and drug carriers.'*® The potential of CNTs
for the administration of anticancer agents could be attributed to their exclusive
physicochemical properties, especially to their ability to cross several biological barriers
without generating an immunogenic response and toxic effects. The application of CNTs
for the supply of medicines to its site of action has become one of the main areas of

interest for different research groups.'®?
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8. DRUG DELIVERY STRATEGIES.

It is well-known that the activity of the anticancer drugs is greatly attenuated by
the time drug reaches the target, which can render the treatment to be ineffective and
increase off-target effects. The effectiveness of anticancer drug treatment can be
achieved only when the administered drug is of proper dosage and display maximal
activity in the cancer cells. Thus, the nanomaterials used for targeting tumor cells should
have the capability of increasing local concentration of the drugs in and around tumor
cells, thereby reducing the potential toxicity toward healthy cells.*>® The efficient
delivery of nanomaterials to the target tissues can be classified as passive and active

targeting.

8.1. Passive Targeting.

The most common route of administration of nanomaterial-based anticancer
drugs is intravenous injection. This approach bypasses the absorption step across the
intestinal epithelium required after oral administration.'®? At tumor sites, the vascular
barrier is disrupted, and this enables nanocarriers to accumulate in the tumor tissue!%3
as shown in Figure 16. The gaps between the endothelial cells in the tumor vasculature
can range from 200 to 2000 nm depending on the tumor type, localization, and
environment. Moreover, due to the poor lymphatic function, the NPs are not rapidly
cleared and accumulate in the tumor interstitium.®* This is known as enhanced
permeability and retention (EPR) effect, which is the basis of passive targeting.'®> This

accumulation of the drug at the tumor sites is a passive process, and it requires

prolonged circulation of the drug for appropriate drug delivery.
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Figure 16: Graphical illustration of passive and active drug targeting strategies. In passive
targeting, the nanocarriers pass through the leaky walls and accumulate at the tumor site by

the enhanced permeability and retention (EPR) effect. Active targeting can be achieved using

specific ligands that bind to the receptors on the tumor cells.**

The accumulation of the nanocarriers is essentially dependent of

physicochemical properties such as size, shape (morphology), surface charge and
surface chemistry.®® The extent and kinetics of nanomaterial accumulation at the tumor
site are influenced, among all these properties, by their size. The nanocarriers need to
be smaller than the cutoff of the proportions in the neovasculature, with the
extravasation to the tumor acutely affected by the size of the vehicle. Further, the
biodistribution of the nanomaterial-drug formulation is influenced by blood perfusion,

passive interactions with biomolecules along the route, and immunological clearance
processes such as phagocytosis or renal clearance.?>%%%7

8.2. Active Targeting.
Active targeting, also known as the ligand-mediated targeted approach, involves

affinity-based recognition, retention and uptake facilitated by the target cells'°® (Figure

16). The chemical affinity for active orientation is based on different specific molecular
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interactions, such as receptor-ligand-based interactions, load-based interactions and
motif-based interactions facilitated with substrate molecules.'®® Various biomolecules
can constitute a ligand, which includes antibodies, proteins, nucleic acids, peptides,
carbohydrates and small organic molecules such as vitamins.°%2% The target substrates
can be surface molecules expressed in diseased cells, proteins, sugars or lipids present
in the organs, molecules present (or secreted by tumor cells) in the microenvironment

of diseased cells or even the physicochemical environment in the vicinity.?%!

Intelligent and targeted systems based on nanomaterials exploit the multivalent
nature of ligand interactions with the target antigens. When multiple ligand molecules
accumulate in nanosystems, there is a general increase in the avidity of nanoparticles
for their related objective.??° In addition, the binding of a ligand molecule generally
facilitates the binding of consequent molecules through cooperative effects, collectively
improving binding efficiency and subsequent actions.'*° Generally, covalent conjugation
methods have been utilized, but systems with physical absorption using affinity
complexes can also be used effectively.?’? The critical aspect to this conjugation is to
maintain the stability of the conjugated ligands during the adverse environment
presented by the physiological environment, and various approaches have been

undertaken to achieve it.1%®

The main angiogenic targets, explored by NP systems for therapeutic benefit,
include the vascular endothelial growth factor receptors (VEGFRs), avB3 integrins,
matrix metalloproteinase receptors (MMPs), and vascular cell adhesion molecule-1

(VCAM-1).198

Monoclonal antibodies (mAb) were the first and are 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 humanized 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 NPs and then
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functionalize the particle surface with mAbs to maintain targeting efficacy.2%372% The

conjugated antibodies enhance uptake and cytotoxic potency of the NPs.

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.?’® Among single nuclear localization (SNL) peptides, trans-activating
transcriptional activator (TAT) peptide has been shown to be an efficient molecule for
translocating NPs into cell nuclei via the binding import receptors, importin a and B. In
a recent publication a peptide has been used to conjugate onto mesoporous silica NPs
for nuclear-targeted drug delivery of doxorubicin for the first time.?%’ Lipid and
polystyrene NPs functionalized with targeting peptides such as RGD peptides are among

the most often studied.2%8

8.2.1. Influence of Nanoparticle Engineering in Active Targeting.

The conjugation of ligands on the NPs surface changes the properties of the
directed molecules and the nanomaterial.2%%210 At the same time that the ligands bind
to the NP they lose the rotational and translational freedom they presented to release
molecules, but the conjugate that is formed has a greater orientation capacity due to a
greater presence of ligands.?'%?12 Similarly, the size, geometry, surface properties
(charge and hydrophobicity) and the composition of the NPs can also be altered. In some
cases, NPs have demonstrated benefits that go beyond simple drug release. For
example, greater resistance to degradation by nucleases by chains of nucleic acids
immobilized on the surface of nanomaterials.?*? To fully understand the properties of
actively targeted NPs, it is essential to determine how the physicochemical properties

of NPs affect interactions with their targets (Figure 17).
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Figure 17: The physicochemical properties of the ligand and the nanoparticles affect their

blood circulation profiles, their biodistribution and their ability to be internalized by cancer

cells.r®®

A. Ligand Density. Because the increase in the number of antibodies per NP allows

cooperative effects, the density of the molecules on the surface of the NPs affect
their affinity for the substrate. Thermodynamically, the binding of a ligand to its
substrate facilitates the subsequent binding of its neighboring ligands.?*?
Biologically, the multiple interactions of the NP with the cell membrane forces
the clustering and local concentration of receptors. This triggers the membrane
envelope and leads to internalization.?*

This allows the use of multiple ligands of relatively low affinity to bind their target
efficiently and with great appetite.?®® However, this increase in affinity is not
always linear. In some cases, the cooperative effect of the ligand can saturate
and further increase the density of the ligand causing harmful effects on cell
binding.?'>21¢ This effect can be explained by an incorrect orientation of the

ligand, steric impediments caused by neighboring molecules or competitive

behaviors with other molecules for binding with the receptor.
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B. Size and shape of the nanoparticle. The size and shape of the nanomaterial
should be taken into account at the beginning of the design of the targeted NPs
as it affects the way in which the cells “see” them and, therefore, determine their
distribution, toxicity and ability to select.?!” For spherical particles, smaller sizes
represent higher curvatures that may be problematic for ligand functionalization
after synthesis along with increased toxicity.?'® In addition to the effect on
circulation properties and accumulation in the aforementioned tumors,?° the
shape of the NP seems to influence the kinetics of cell internalization and
internalization pathways by modulating the interactions between the
nanomaterial and the cell surface.??°

C. Ligand surface and charge. From a synthetic perspective, the charge of the non-
functionalized NP and that of the ligand can affect the conjugation performance
and the spatial visualization of the ligand on the surface.??! Repulsive or
attractive forces between the surface of the NPs and the ligand can interfere
with conjugation??? or affect the structure and conformation of the final ligand.
A chemical spacer with a reasonable length, such as those based on PEG units,
can help reduce this effect, but can simultaneously complicate the synthesis and
increase the final particle size.?'® In addition, the final surface charge will affect
the effectiveness of the directed NPs. Since most ligands are charged molecules,
the final surface charge of the NP is determined by combinations of ligand
densities, materials and NP formulation strategies.

D. Hydrophobic/Hydrophilic surface. In addition to surface loading,
hydrophobicity can also affect the engineering of the presentation of ligand.??3
This can have serious effects since most polymeric NPs have hydrophobic nuclei
(e.g., polyesters, polyamides)??* thus producing the ligand get trapped inside and

not properly exposed on the surface.

9. INTRAVENOUS ADMINISTRATION OF NANOPARTICLES
For drugs administered parenterally, interactions with blood components,
systemic distribution and pharmacodynamics are of great importance. In a successful

intravenous treatment, therapeutic agents must pass a series of biological barriers that
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include liver and kidney clearance, enzymolysis and hydrolysis, as well as cell uptake,

endosomal/lysosomal degradation and spleen filtration.

Nanomaterial carriers can improve biodistribution and prolonged blood
circulation of therapeutic products, which significantly increases pharmaceutical
efficacy and decreases the dose of use. The fate of the drug in parenteral administration
is no longer determined by the properties of the drug, but by the type of drug

nanocarrier.

The kidneys effectively remove, by blood filtration, NPs with diameters smaller
than 10-20 nm, and filtration through inter-endothelial slits in the walls of the splenic
sinus removes particles of more than 200 nm. These filters suggest that the size of the
nanoparticles should not be less than 20 nm and not more than 200 nm if prolonged

circulation within the body is desired.

The mononuclear phagocyte system (MPS), composed of phagocytic cells, mainly
monocytes and macrophages, plays an important role in the removal of NPs from the
bloodstream. The recognition of NPs by these cells occurs after a process called
opsonization. The opsonization process is the adsorption of protein entities capable of
interacting with specific plasma membrane receptors in monocytes and several subsets
of tissue macrophages, thus promoting the recognition of particles by these cells,??
while 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

NP size, surface charge, hydrophobia/hydrophilicity and steric effects of particle coating

can determine the compatibility of NPs with the immune system.

9.1. Protein Corona Formation.

When nanosystems are in a physiological environment, they quickly adsorb
biomolecules such as proteins and lipids on their surface forming a “protein corona”
(Figure 18), a biomolecular interface organization that can be freely divided into two
components called “hard” and “soft” corona respectively. The protein corona will

change the composition if the NP moves to another compartment or fluid.?%®

70



INTRODUCTION

This crown surrounding the particle changes its original surface charge, size,
solubility, aggregation and, therefore, changes the interaction of NPs with cells,

influencing traffic, biodistribution and cellular absorption.??”
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Figure 18: Schematic representation of protein corona developed on the surface of NPs in the

presence of serum proteins.??

The protein corona influences macrophage uptake. Macrophage-killing
receptors are a large group of phagocytic receptors that are responsible for the
elimination of pathogens and negatively charged ligands that circulate in the blood. For
example, opsonins such as 1gG, complement factors and fibrinogen promote
phagocytosis, removal of NPs from the bloodstream and concentration in the liver and
spleen, while dyopsonins such as albumin and apolipoprotein help a longer circulation
of NPs in the body.2® It was reported that polystyrene microparticles with human serum

albumin adsorbed on its surface, inhibit their phagocytosis by dendritic cells.??°

For many nanosystems, while extraction from bloodstream is a question of

minutes, interaction with distant cells is effective hours or days after exposure.
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Nanoparticles functionalized with hydrophilic polymers such as polyethylene glycol
(PEG) and poloxamers show better lifetime circulation properties and lower recognition
of macrophages of many types of NPs by preventing protein adsorption.?3° In the case
of PEGylated NPs, the adsorption of plasma proteins is influenced by the length and

density of the polymer.

It has been claimed that the protein corona can cover targeting surface of
nanosystems and, therefore, strongly reduces the ability to target and recognize the
specific ligand by cellular receptors.?3! Therefore, understanding the interaction of the
cellular plasma membrane and the protein corona around the NPs is essential to design

their synthesis, drug delivery and administration.

9.2. How to Avoid Immune System Clearance.

Nanoparticles can be designed to prevent the immune system elimination and
increase the circulating half-life in the blood. An important reason for seeking this is to
provide a long-circulating drug vehicle from which the drug can be released in the

vascular compartment continuously and in a controlled manner.

A relatively successful approach to prolong the circulation times of NPs in the
blood is to create a steric/hydrophilic surface barrier of sufficient density. The
poloxamer and poloxamines have been investigated to reduce the adsorption of blood

proteins and opsonins and, therefore, increase the half-life of nanosystems.

Poloxamers, also known as Pluronic®, and poloxyamines or Tetronic®, are non-
ionic block polymers of hydrophobic propylene oxide (PO) and hydrophilic ethylene
oxide (EOQ). The poloxamers consist of a central hydrophobic polypropylene oxide (PPO)
molecule, which is flanked on both sides by two hydrophilic polyethylene oxide (PEQ)
chains as shown in Figure 19. Poloxamines are tetrafunctional block copolymers with
four coupled PEO-PPO blocks by a central bridge of ethylenediamine.?3? The adsorption
of these molecules on the surface of the NPs through their hydrophobic PPO fragments
provides stability to the suspension of particles by a repulsion effect through a steric
stabilization mechanism, because this type of absorption leaves the hydrophilic PEO
extended towards outside from the surface of the particle in a mobile state. The NPs

designed with poloxamers and poloxamines exhibit reduced adsorption of blood
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233

proteins and opsonins®>> and, as a result, resist ingestion of scavenger phagocytic cells

and remain in the systemic circulation for a prolonged period.

FHNAA,

Polyethylene oxide-Polypropylene oxide-Polyethylene oxide
PEO-PPO-PEO

Figure 19: Structure of Pluronics.

The addition of poly (ethylene glycol) (PEG) has been widely used to increase the
circulating half-life of NPs and is the preferred method of "masking" the NPs of immune
system recognition. This process is also known as PEGylation.?** PEG is a linear diol
polyether that exhibits a low degree of immunogenicity and antigenicity.?3> The polymer
main chain is essentially chemically inert, and the terminal primary hydroxyl groups are
available for derivatization. The modification of the surface of the NPs with PEG and its
derivatives can be carried out by adsorption, incorporation during the production of NPs
or by covalent binding to the surface of the particles.??> The addition of PEG can add
protein resistance/opsonization properties by preventing interactions between the
surface of the particle and plasma proteins, although adsorption is not completely
avoided. Several 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 degree of protein adsorption depends on the size of the PEG and graft

density.236:237

10. CLINICAL TRIALS. SO MANY PAPERS AND SO FEW COMMERCIAL PRODUCTS.
Approval of drugs for human use by the Food and Drug Administration (FDA)

through the Center for Drug Evaluation and Research (CDER) is an expensive and time-

consuming process, and approval rates are low.?38 In general, the drug approval process

by the FDA can be separated into preclinical, clinical and post-marketing phases. To date,
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there are five clinically approved NP chemotherapeutics for cancer and many more in

preclinical and clinical research?3%24° (Table 3).

Liposomal anthracyclines were the first NP therapies approved for clinical use.
Anthracyclines (which include doxorubicin, daunorubicin, epirubicin and idarubicin) are
highly effective against a wide range of cancers. Today, there are three liposomal
formulations of clinically approved anthracyclines: pegylated liposomal doxorubicin
(PLD; DOXIL in the United States, Caelyx elsewhere), non-pegylated liposomal

doxorubicin (NPLD; Myocet) and liposomal daunorubicin (DaunoXome).?*!

In addition, Abraxane was approved by the FDA for the treatment of breast
cancer. It is a 130 nm NP paclitaxel formulation bound to albumin; a non-water-soluble

drug effective against different types of cancer.?*?

Finally, another clinically accepted nanosystem is the formulation of polymeric

micelles of paclitaxel (Genexol-PM), with a diameter of 20-50 nm and composed of block

copolymers of PEG and poly- (D, L-lactic acid).?*3

Table 3: Some of the nanomedicines approved by one or more regulatory bodies.?*

Product Nanoplatform/agent Indication Status Company
< PEGylated 5 s ; Approved 11/17/1995 Ortho Biotech
Doxil liposome/doxorubicin Ovarian cancer FDA50718 (acqiitted by TNJ)
hydrochloride 1 /
) ) Approved in Europe and Sopherion Therapeutics,
Myocet Non—PEQ)./lated llposomal Metastatic breast cancer Canada, in combination LLC in North America and
doxorubicin nanomedicine ) . .
with cyclophosphamide Cephalon, Inc. in Europe
First-line treatment for
Lipid encapsulation of patients with advanced F
D X 7
AUNOROME  Jaunorubicin HIV-associated Kaposi’s Approved nthglUSA GleLul
sarcoma
Heat-activated liposomal R e . liv Received Fast Track
ThermoDox  encapsulation of _;:';:Zr cancer, primary fiver Designation, approval Celsion
doxorubicin 2 expected by 2013
Nanoparticulate : Approved 1/7/2005
Abrax:
raxane albumin/paclitaxel Yarouseancens FDA21660 Celgsne
Fully approved in
Targeting protein tagged Sarcoma, osteosarcoma, Philippine g g 3
Rexin-G phospholipid/microRNA- pancreatic cancer, and Phase II/III (Fast Track lé};ilus Biotechuologles
122 other solid tumor Designation, Orphan Drug P
Status Acquired) in USA
Oncaspar PEGylated asparaginase Hethe l)-'mp hisblastlc Approved 24/06/2006 Eazsin. thampcsuticals
leukemia Inc.
Resovist Tnon oxldemanoparecles Liver/spleen lesion imagin 12001, approved fortie Bayer Schering Pharma AG
coated with carboxydextran P sing European market Y 8
; Iron oxide nanoparticles : 5 : Approved by US-FDA in ;
Ferid
eridex coatad it decan Liver/spleen lesion imaging 1996 Berlex Laboratories
Endorem ron oxide nanoparticles Liver/spleen lesion imaging ~ Approved in Europe Guerbet

coated with dextran

74



INTRODUCTION

Many other therapies are being clinically investigated. Most of them are
liposomes, polymeric NPs, micelles and lipid NPs, which carry different cancer
medications such as platinum drugs (cisplatin, carboplatin and oxaliplatin), alkaloids
(vincristine, camptothecin derivatives and taxanes), or small interfering RNA (itRNA)

among others.?%°

11. POLYSTYRENE NANOPARTICLES AND NANOEMULSIONS

The research reported in this thesis is based on the use of two nanosystems
(polystyrene NPs and nanoemulsions) as a vehicle for drug delivery to treat breast and
pancreatic cancer. The specific development as well as the background of each type of
nanosystem is detailed in Chapter 1 for polystyrene NPs and in Chapters 2 and 3 for
nanoemulsions. The characteristics of each nanosystem and its use in cancer therapy

will be discussed below in a general way.

11.1 Polystyrene Nanoparticles

The NanoChemBio team has designed and developed a chemical methodology
for the preparation of a wide range of functionalized, monodispersed and cross-linked
polystyrene NPs, available in various sizes depending on the biological application (100
nm-2um) (Figure 20). The synthesis and characterization of polystyrene NPs will be
detailed in Chapter 1. These particles are chemically and biologically compatible and,

therefore, can be used in different applications in the biomedical field.
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Figure 20: Scanning electron microscopy image of nanoparticles. a) 500 nm b) 200 nm
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An important aspect of these nanoparticles is the ease and speed with which
they are able to efficiently enter all cell lines studied to date, including adherent cells,
suspension cells, stem cells and primary cells.?** Possibly, because they have a
mechanism of passive cellular input based on direct penetration (Figure 21), which has
been previously verified by chemical and microscopic techniques for polystyrene NPs of

various sizes (200 nm and 500 nm).

Phagocytic Pinocytotic pathways Direct
pathways penetration
Receptor
mediated Non -specific endocytosis :
endocyt05|s \Q i
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Figure 21: Schematic demonstrating the main mechanisms by which NPs are uptaken and

subsequently intracellularly processed by cells. The exact mechanism taken by a particular

particle is highly dependent on the precise NP characteristics, polypeptide coating layers,
target cell type, and environment. The situation is further complicated by the ability of

particles to exploit multiple different uptake pathways in parallel.?*

Positive results of cellular internalization of polystyrene NPs in ESC have been
reported.?*® It is important to note that these NPs do not show cellular cytotoxicity in
any of the studied cell lines.?*” In this sense, perhaps the most rigorous study that has
been carried out has been the generation of live and viable mice from mouse ESC
previously incubated with fluorescent NPs, revealing the absence of cytotoxicity of the

NPs.248

In addition, to corroborate the absence of cellular cytotoxicity, deep studies have

been carried out on the levels of gene expression?’ and protein?*® after cellular
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internalization of polystyrene NPs of various sizes (200 nm and 500 nm) in human
embryonic kidney cells (HEK-293T) and murine fibroblasts (L929). The evaluation of
changes in gene expression levels after internalization of 200 nm NPs was examined in
both cell lines and no significant and conserved changes in gene expression were found.
Therefore, examination of the gene expression profile induced by the internalization of
the NPss revealed no significant transcriptional changes compared to the untreated
control cells.?*” To identify differentially expressed proteins, a comprehensive
proteomic analysis was performed after internalization of the 200 nm and 500 nm NPs.
According to the previously obtained genomic data, the internalization of the NPs did
not induce a significant variation in protein expression levels, only two significant
changes were detected in the total proteome of murine fibroblasts, and none in human
cells. Affected proteins were mainly involved in transcription, cell metabolism and
cytoskeleton activities, therefore, important processes such as cell survival, proliferation
and death, which were differentially expressed after treatment, confirming the high

biocompatibility were not affected. of these nanotransporters.?*?

These NPs have been efficiently conjugated to a wide variety of materials with
biological and/or therapeutic activity without affecting their nanofection capacity and
have been used for different purposes as pH or calcium sensors, for the controlled
release of macromolecules such as proteins and oligonucleotides, among others. Dr.
Sanchez Martin, who is one of my thesis directors has developed some biological
applications of these NPs, such as their use as intracellular calcium sensors.?%; the use
of fluorescent NPs as pH sensors in living cells®®!; the cellular internalization of
fluorescent NPs with biotin-streptavidin®>?; the transport and intracellular release of
SiRNA by NPs246:253.254: the transport and release of proteins by NPs%>>2%6; the transport
and release of DNA by NPs%°%; the use of cells as "catalytic reactors", the use of palladium
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NP catalysis in living cells.?>” or the use of NPs as intracellular sensors of caspase-3/7 in

apoptotic living cells?>® among others.
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Here are two examples of these biological applications:

1. Cellular internalization of fluorescent nanoparticles with biotin-
streptavidin.
The use of streptavidin-conjugated NPs as a transport system capable of
entering living cells using a biotinylated fluorophore (Figure 22) has been
demonstrated by fluorescence microscopy and flow cytometry. In
addition, cell internalization of a biotinylated oligonucleotide was
efficiently carried out. The fact that there are several biotinylation
strategies to bind different molecules such as peptides, proteins,
antibodies and nucleic acids to streptavidin-loaded nanoparticles opens

the door to numerous applications such as intracellular detection of a

252

variety of macromolecular targets.

Figure 22. Analysis by confocal microscopy of the cellular internalization of 0.5 and 2 um
nanoparticles (a and b) and streptavidin-conjugated nanoparticles labeled with fluorescent
biotin (c and d) in the Hela cell line. The images a and c are taken in differential interference
contrast. The cytoskeleton was stained with a red fluorescent marker (AlexaFluor® 568-

phalloidin) and the core with Hoechst 33342 (b and d).

2. Transport and release of proteins by nanoparticles.
Nanoparticles have been used to facilitate the release of several
functional proteins within different cell lines (including mouse ESCs)
(Figure 23) demonstrating that several functional proteins such as B-

galactosidase and green fluorescent protein (GFP) can be released into
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cells and quantified. In addition, the marking of the NPs with fluorescence

allows the identification and subsequent isolation of the selected

cells 255,256

Figure 23 a): Image obtained by confocal microscopy of a mouse melanoma cell (B16F10) with
a NP conjugated to EGFP protein after 24 hours of incubation. b) Flow cytometric analysis of
the efficiency of cell entry of nanoparticles in B16F10 cells. c) Principle of bioluminescence
detection of B-galactosidase activity d) Results of B-galactosidase activity in Hela cells

incubated with NPs bound to B-galactosidase.

The two main advantages of polystyrene NPs compared to nanoemulsions are
that (i) their cross-linked structure allows obtaining NPs in the nanometric range
compatible with aqueous and organic media (such as dimethylformamide or methanol)
so they can follow traditional protocols of organic solid phase synthesis, allowing to
carry out multiple chemical reactions, differing from the rest only compatible with
aqueous media; and (ii) that the cells can be isolated with the NPs inside, this would
allow defining the content of the transported load. Cells can be separated with NPs of
two different colors, allowing the monitored release of two independent biomolecules

within the same cell.

11.2 Nanoemulsions

An emulsion can be defined as a heterogeneous mixture of at least two
immiscible liquids, that is, a dispersion of one liquid (dispersed phase) as drops in
another (continuous phase). Depending on the nature of the dispersed and continuous

phase, different types of emulsions can be distinguished. For example, an oil-in-water
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dispersion is known as an oil-in-water (O/W) emulsion, while the opposite case will be
called a water-in-oil (W/0) emulsion. If the dispersed phase represents an emulsion in
itself, the systems formed are called multiple emulsions (O/W/0O, W/O/W, and so forth)
(Figure 24).

The interface of emulsions is stabilized by the presence of an emulsifier or
surfactant (surfactants), which remains immobilized between the different phases that
act as film formers, reducing interfacial tension and/or providing a mechanical barrier
against coalescence, stabilizing the emulsion. Surfactants are molecules that have a
polar (hydrophilic) and a non-polar (hydrophobic) region. This type of structure with a
water insoluble fragment and a water-soluble moiety is called amphiphilic or

amphipathic.

Qil Water
Emulsifier Emulsifier
Water Qil

Water-Based Qil-Based

Figure 24: Different types of emulsions according to the nature of the dispersed and

continuous phases.?®

Nanoemulsions are emulsions with a drop size on the nanometric scale, and
typically with a diameter less than 500 nm.2%%:261 Some authors consider 200 nm or even
100 nm as the upper limit,?%? since they correlate with the word "nanotechnology" as

defined by the US government’s National Nanotechnology Initiative, i.e., "the
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understanding and control of matter in dimensions of approximately 1-100 nm". Even
within that definition, there is no unanimity about whether size should refer to radius
or diameter. Although this use may coincide with current language trends, it establishes
an arbitrary size limit because the emulsion properties do not change instantly when
crossing the 100 nm threshold,?®? as will be seen throughout the explanation of the main

properties of nanoemulsions.

It should be noted that the terminology used in this thesis has been, mainly, lipid
nanocapsules because morphologically they are formed by an oily core surrounded by a
polymeric shell (thick amphiphilic mechanical barrier at the droplet interface),?®® but
other general terms have also been employed as nanoemulsions, nanocarriers or

nanosystems.

The distinction between conventional emulsions and nanoemulsions is not
arbitrary. Due to the small droplet size of nanoemulsions, new interesting properties
arise, especially those related to the use of nanoemulsions as drug delivery systems.

Some of these properties are:

1. Large surface area: for a given volume of dispersed phase, the smaller the
droplet size, the greater the total surface area. In many cases, a large amount of
surface is related to a high absorption of a medicine. For example, if topical
administration is considered, the large surface area of the nanoemulsion allows
rapid penetration of the assets.?%*

2. Great stability against the formation of creams/sedimentation: due to the
different densities between the oil and water phases, in conventional emulsions
the drops tend to float (forming creams) or to sink (sedimentation). However, in
nanoemulsions the small droplet size causes a large reduction in the force of
gravity, and the Brownian movement becomes sufficient to overcome gravity.2%°

3. Intravenous administration: it has been documented that for intravenous
applications the drops should not be larger than the diameter of the capillaries
(approximately 5 um) to avoid blockage. It is known that conventional emulsions
that have a drop size of about 4-6 um or more increase the incidence of emboli

and may cause changes in blood pressure.?®® In fact, the United States

Pharmacopoeia has recently established that the average droplet size should be
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<500 nm for injectable emulsions,?®” therefore, they belong to the nanoemulsion

range.

11.2.1 Nanoemulsion Stability.

The stability of nanoemulsions is a key issue for most of its applications. This ability

to remain unchanged becomes of paramount importance when nanoemulsions are to

be used as medication delivery systems, since a change in their properties could render

them useless or even harmful. Therefore, the mechanisms of destabilization of the

nanoemulsion must be thoroughly understood and understood to avoid them. These

mechanisms are quite similar to those of conventional emulsions, although some

particularities must be highlighted. The main mechanisms of destabilization of

nanoemulsions, represented in Figure 25, are:

1.

Coalescence: nanoemulsions are not a thermodynamically stable system. If two
drops are allowed to come into close contact, they will fuse to form a larger drop,
as this brings a reduction in the total interfacial area and, therefore, a reduction
in the total free energy of the system. This new drop could be fused with another
and so on, which would lead to the final phase separation. It is an irreversible
process and changes several properties of emulsions, such as droplet size,
number of drops, total surface area or monodispersity. For these reasons, it is
one of the worst destabilizing effects that affect nanoemulsions. Fortunately,
with the right method of preparation, the type and amount of surfactant can be
avoided for long periods of time, even for years.2%?

Flocculation: is the aggregation of drops without merging, that is, the drops
retain their individual integrity (in contrast to emulsions destabilized by
coalescence). It is a reversible process and can be prevented if the appropriate
type and amount of surfactant is used.

Ostwald ripening: is the process by which the greater Laplace pressure within
the small droplets drives the transfer of dispersed oil from small to large droplets
through the dispersion medium. As a result, larger drops grow at the expense of
smaller ones. It requires a high solubility of the dispersed phase in the continuous

phase and, therefore, is only noticeable in emulsions of low molecular weight
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oils. It is claimed that an emulsion is stable to Ostwald ripening when at least
50% of the oil phase is an insoluble triglyceride.?5®

4. Creaming: due to the different densities, the dispersed phase floats to the top
of the continuous phase, according to the Stokes equation. In emulsions, this
means that the oil droplets accumulate on top. However, in nanoemulsions, this
destabilization is reduced sufficiently due to the small droplet size, which allows
the Brownian movement to overcome the forces of gravity, since the diffusion
rate becomes faster than the cremation rate.2%°

5. Sedimentation: it is the opposite of the last mechanism, that is, in this case the
dispersed phase has a higher density than the continuous phase, and therefore
sinks to the bottom. In addition, this destabilization would be avoided in
nanoemulsions due to the small droplet size, analogously to cremation

destabilization.
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Figure 25: Schematic representation of the main destabilization mechanisms of emulsions.?’°
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As mentioned above, the interface of emulsions is stabilized by the presence of
an emulsifier or surfactant (surfactants). Surfactants may include nonionic block
copolymers, lecithin (charged) and alcohols. Traditionally, nanoemulsions have been
prepared using phospholipids as emulsifying molecules. They are ionic surfactants that
offer electrostatic stabilization.?’2272 Droplets repel each other because they are
composed of 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 NP and
the other is an electrolytic solution, ions dissolved in the medium with charge opposite
to the surface of the particle tend to surround the particle to maintain neutrality of the
solution. The arrangement of the charges located in one phase and those fixed on the

surface of the particle form what is called the electrical double layer.?”3

Electrokinetic phenomena is a generic term applied to the effect associated with
the relative movement of the ionic solution near the charged interfaces. One of these
electrokinetic phenomena is the electrophoresis that appears when a uniform electric
field is applied and the velocity of the particles in the steady state is measured. The
electrophoretic mobility of a particle is proportional to the zeta potential, which is the

potential existing in the cutting plane of the moving particles.?’*

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 filters
the particle charge, causing a decrease in the zeta potential value caused by double layer
compression and subsequently reducing the stability of nanoemulsions because
repulsion decreases between particles.?’4#?’> The use of non-ionic surfactants has
attracted special attention to solve these problems, although the stability they cause

does not have an electrical origin.

Non-ionic surfactants are also called steric surfactants because when they are
absorbed on the surface of the particles, the nanoparticles are stabilized by avoiding
other particles by steric/hydrophilic repulsion.?’® Steric surfactants have bulky groups
that protrude into the dispersed/continuous medium, which creates a brush-shaped
barrier around the drops. When two drops approach each other, the free movement of

these flexible groups is hindered by the interpenetration of the adsorbed layers,
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resulting in an entropic repulsion.?’”” Among others, triblock copolymers, such as
poloxamers, already described above to prevent immune clearance, are a well-known
example of steric surfactants. Poloxamers, unlike ionic surfactants, are not affected by
high concentrations of electrolytes and, therefore, their nanoemulsions can be safely
used in many industrial and pharmaceutical applications where high ionic strength

values are needed.?’®

11.2.2. Advantages as Drug Delivery Carriers.

Last years, more innovative nanoemulsion formulations have been developed
that vary the different components, such as the emulsifier and/or the nature of the
emulsified oil.2”° The Oil phase (O-phase) dispersed in most nanoemulsions is generally
composed of vegetable oils (fatty acyls) or medium chain triacylglycerols. The
combination of the advantages of traditional parenteral emulsions (mainly
biocompatibility and biodegradability) with the new functionalities has led to the first
commercialized drug delivery systems based on nanoemulsions and several
formulations are currently marketed. Examples include etomidate (Etomidat-Lipuro®)

and diazepam (Diazepam-Lipuro®).2°

Nanoemulsions have demonstrated great potential for the administration of
drugs in the treatment of cancer, being able to administer a high concentration of
chemotherapy drugs to cancerous tissues, improving their bioavailability. The oil phase
of the nanoemulsion acts as a solubilizer for the lipophilic compound, thus improving
the solubility of the drugin an emulsion system. Therefore, a smaller amount of the drug
should be administered compared to an aqueous solution. By exposing the tissue to a
lower concentration of the drug and by avoiding an irritating tissue vehicle, pain
associated with intravenously administered drugs can be minimized.?®! In addition,
because lipophilic drugs are incorporated into the innermost oil phase, they are
sequestered from direct contact with body fluids and tissues, which can help overcome
the pharmacokinetic mismatch associated with that particular chemotherapeutic

agent.?®?

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.?%?
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The development of targeted therapies, in particular for cancer treatment, is one
of the main goals of nanomedicine today. Conventional chemotherapy usually prompts
modest tumor response and provokes undesirable side effects due to the nonspecific
action of drugs on proliferating tissues. To avoid these and other disadvantages, drug
nanocarriers should be formulated to deliver the antitumor drug directly to the
cancerous cells. This is a complex interdisciplinary task with too many variables to be
properly 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 nanoparticles, must be superficially modified
to provide nanocarriers with vectorization properties. On the one hand, our group has
developed several strategies for preparing functionalized polymeric cross-linked
polystyrene NPs which are then covalently conjugated to cargoes of different nature. On
the other hand, in recent years, lipid liquid LLNCs have been developed as potential
nanocarriers. The inner hydrophobic domain, surrounded by an amphiphilic mechanical
barrier, has been used to encapsulate hydrophobic drugs that are protected during their

transport to the target cells.
Thus, we hypothesized that:

1. The multifunctionalization of polystyrene NPs with a ligand, such as CRGDK
peptide that specifically recognize Nrp-1 membrane integrin, together with a
fluorophore would be a good target delivery strategy against overexpressing
Nrp-1 TNBC. In addition, the conjugation via pH cleavable linker of Doxorubicin
(a drug of election to treat TNBC in clinical use but avoid due to side effects) and
a tracker to monitor response to treatment and metastasis would make this
nanodevice a good diagnostic tool and therapeutic agent to treat this cancer
subtype.

2. LLNGCs have an external shell which can be physico-chemically modified by
proteins, such as HSA which is considered a disopsonin, i.e. a molecule that can

avoid clearance by the reticulo-endothelial system and it accumulates in
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malignant and inflamed tissues, and serves as the main nutrient for tumor
growth. In addition, vehicularizing curcumin, which has been shown to have a
cytotoxic effect on tumor cells, in the oily core of these modified LLNCs could
result in a good nanosystem to target and kill breast cancer tumor cells in vitro.
LLNCs have an external shell which can be engineered by phospholipids, by
surfactants as poloxamers and by molecules that provide free functional groups
(e.g. Deoxycholic acid) for conjugation with ligands such as anti-CD44 antibody
which is overexpressed in PCSCs. In addition, carrying paclitaxel, which is a drug
used in clinic to treat pancreatic cancer, and a fluorophore, which allow to track
the LLNCs in vivo, in the oily core of these modified LLNCs would make this

nanosystem a good theranostic agent to target and kill PCSCs in vitro and in vivo.
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The main goal of this study was to evaluate the potential of different
nanosystems (Polystyrene NPs and Nanoemulsions) to transport and deliver anticancer
drugs such as Doxorubicin, Curcumin and Paclitaxel, with the aim of improving the
targeting delivery in breast and pancreatic cancer cells enhancing at the same time their

therapeutic efficiency.
To achieve this goal several steps were followed:

1. To trifunctionalize polystyrene NPs using a chemical-based orthogonal strategy
in order to conjugate a tracker (Cy7 fluorophore), Doxorubicin (via pH cleavable
linker) and a specific ligand (CRGDK peptide) to these NPs

2. To carry out a physico-chemical characterization of these NPs as well as to
evaluate their uptake in vitro in the MDA-MB-231 TNBC cell line.

3. To evaluate the antitumoral effect of these modified polystyrene NPs in vitro and
in vivo by generating an orthotopic TNBC xenotransplant as well as to carry out
a tracking in order to verify their specific targeting delivery.

4. To develop colloidally stable nanocapsules (LLNCs) with an olive-oil core
surrounded by a GAD cross-linked HSA and to perform a physico-chemical
characterization of these modified nanocapsules loaded with curcumin.

5. To evaluate the uptake of LLNCs cross-linked with GAD with different
modifications in their shell such as the addition of poloxamers or oleic acid by
the MCF-7 BC cell line.

6. To evaluate the cytotoxic effect of curcumin-loaded LLNCs cross-linked with GAD
in MCF-7 BC cell line.

7. To synthesize lipid nanocapsules (O?LNC) based on an olive oil core surrounded
by a shell structure composed of different amphiphilic molecules

8. To covalently bind an anti-CD44 antibody to their surface (immuno-O2LNC), with
the desire properties such as colloidal stability, particle size, monodispersity, and
surface charge and to carry out a complete physico-chemical characterization of

these modified O2LNC.
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9. To encapsulate in the oily core of the immuno-O?LNC a hydrophobic dye (Nile
Red or IR 780 iodide) and an anticancer drug (paclitaxel) in order to study the
uptake and cytotoxic effect in both BxPC-3 PCC and PCSCs.

10. To generate an in vivo pancreatic orthotopic xenotansplant model by inoculation
of BxPC-3 PCSCs transduced with SELWP LV.

11. To evaluate the specific targeting by bioluminescence and fluorescence of the

immuno-02LNC in this in vivo PCSCs model.
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A VERSATILE THERANOSTIC NANODEVICE BASED ON AN
ORTHOGONAL BIOCONJUGATION STRATEGY FOR EFFICIENT
TARGETED TREATMENT AND MONITORING OF TRIPLE
NEGATIVE BREAST CANCER
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BACKGROUND

Theranostic nanodevices are capable of both delivering therapy and tracking
disease through imaging. To produce these nanodevices combining cancer therapy and
disease monitoring, synthetic methods for the effective multifunctionalization of NPs
with a therapeutic cargo together with a ligand for selective delivery and a fluorophore
to allow efficient tracking using fluorescence based imaging detection have to be
developed, being this issue one of the challenges to produce theranostic
nanodevices.’®32%4 Most common approaches used for preparing theranostic NPs
comprise drugs and trackers to be heterogeneously encapsulated in the core of the NP
while ligands for targeted delivery are conjugated to the surface of the NP.282%
However, the versatility of these systems can be compromised due to incompatibilities
between the conjugation chemistries and the encapsulation protocols. Consequently,
there is still a gap to improve the loading efficiency of each component of the

theranostic nanodevices.

Over the last decade, our group has developed several strategies for preparing
functionalized polymeric cross-linked polystyrene NPs which are then covalently
conjugated to cargoes of different nature (fluorophores, small drugs, proteins, nucleic
acids and their mimics).?2”288 The main benefits of using polystyrene NPs are their
robustness and stability in the biological environment, their lack of cellular toxicity
during long term incubations?®® and their compatibility with standard multistep
chemistries, allowing different orthogonal conjugation strategies. All of these features
allow their easy entry in a broad range of cell types.246:287,288,290.231 Remarkably, gene-
expression profiling studies showed that these NPs did not induce any significant
alteration in nanofected cell transcriptomes.?*” Proteomic studies showed that no key
regulators of cell cycle were affected by the internalization of these NPs (their

intracellular localization has been proven).?*?

Recently, the development of an efficient nanotechnology fluorescence-based
method to track cell proliferation to avoid the limitations of current cell-labelling dyes
has been reported.??3 Additionally, the design of a straightforward strategy to conjugate

drugs via click chemistry to NPs as a novel tool to study target engagement and/or
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identification inside living cells was recently presented.?®* All of these properties make

NPs promising candidates for cancer theranostic applications.

Herein, we report a chemical-based orthogonal strategy for NPs
multifunctionalization that opens the door for the design of a versatile nanodevice that
allows the covalent conjugation of a therapeutic cargo, a ligand and a tracker in a
controlled manner. This strategy allows tuning the ratio between the amounts of each
one of the components. This highly controlled strategy increases the possibilities of
developing more effective and reproducible nanodevices for controlled released at the
desired location, with minimal off-target release that may compromise healthy tissue
together with monitoring in real time. A significant advantage in covalently linking
therapeutic cargoes to a vehicle system over conventional encapsulation approaches is
the ability to have better control over loading and drug release. In addition, the covalent
binding of the drug to the nanosystem tackle another problem faced by current
treatments, low water solubility and leaking from the nanoencapsulation. The presence
of a fluorophore tracker on the theranostic NP allows monitoring tumor location,
disease evolution and treatment efficiency. The tri-functionalized NPs carrying
doxorubicin (DOX), near-infrared cyanine dye (Cy7) and a homing peptide (CRGDK),
which can actively recognize the neuropilin-1 (Nrp-1) receptor (overexpressed in triple
negative breast cancer?®) were evaluated in vitro using MDA-MB-231 tumor cell line

and in vivo using an orthotopic breast cancer xenotransplant mouse model.

nHo Active Targeting

y Homing peptide CRGDK
( ) Therapy

Imaging

Doxorubicin Fluorophore Cy7
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MATERIALS AND METHODS

1. Preparation of theranostic nanoparticles (HP-Cy7-DOX-NPs)

All solvents and chemicals were purchased from Sigma-Aldrich. Double
PEGylated and bifunctionalized NPs (Fmoc-Dde-NPs, 6) were obtained by using
protocols previously described??® (see Annexes, S.I. Chapter 1). Next, DOX-NPs (9) were
obtained by carboxy functionalization and hydrazine treatment followed by DOX
conjugation (see Annexes, S.l. Chapter 1) Then trifunctionalized NPs were generated by
treatment with Fmoc-lysine-Dde (OH) (15 equiv), Fmoc deprotection and fluorophore
conjugation (see Annexes, S.l. Chapter 1). Finally, COOH-Cy7-DOX-NPs (13) were
activated with oxyma (15 equiv) and DIC (15 equiv) and were functionalized with a
solution of CRGDK homing peptide (see Annexes, S.l. Chapter 1) in DMF and DIPEA at
25 °C for 15 hours to obtain (HP-Cy7-DOX-NPs (14)).

2. Characterization of theranostic nanoparticles

Particle mean size, size distribution and zeta potential of HP-Cy7-DOX-NPs (14)
were determined by dynamic light scattering (DLS) and were measured on a Zetasizer
Nano ZS ZEN 3500 (Malvern Panalytical) (see Annexes, S.l. Chapter 1). The shape and
morphology of the NPs were observed using transmission electron microscopy
(TEM)and atomic force microscopy (AFM) (Park Systems) using Xei data acquisition
software. The conjugation of the Cy7 fluorophore to the NPs was checked by flow
cytometry using FACS Canto Il (Becton Dickinson & Co.) and Flowjo® 10 software for data

analysis.

3. Doxorubicin release profile

To analyze efficiency of hydrolysis of the hydrazone bond of the HP-Cy7-DOX-
NPs (14), 500 puL NPs samples (5.2 x 107 NPs/uL) were incubated in a phosphate solution
at pH 5.2 and in phosphate solution at pH 7.4 for 168 hours (7 days) in an incubator at
37 °C. The supernatants were collected by centrifugation of the corresponding sample
at 1, 3, 6, 24, 48, 72 and 168 hours were analyzed by high performance liquid
chromatography (HPLC).
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4, Cell cultures

Cell line was provided by the cell bank of the CIC of the University of Granada.
For this study we used the triple negative human breast cancer cell line MDA-MB-231.
This cell line was cultured in DMEM base medium (Gibco) supplemented with 10% (v/v)
fetal bovine serum, 1% L-glutamine and 1% penicillin/streptomycin in a humidified

incubator at 5% CO2 and 37°C.

5. Nanofection of MDA-MB-231 cell line

MDA-MB-231 cells were incubated with different ratio cell/NPs of HP-Cy7-DOX-
NPs (14) at the established incubation times. Aminomethyl NPs calls Naked NPs (1) and
DOX-Cy7-NPs (11) were used as control (at the specific ratio cell/NPs), and cells without
NPs treatment. After that, it was detached and washed with PBS 1x. Then, samples were
fixed in 2% paraformaldehyde and analyzed by flow cytometry and confocal microscopy

(see Anexes, S.l. Chapter 1).

6. Cell viability

The cellular cytotoxicity of NPs was evaluated using 0.1 M sodium resarzurin, this
guantitative fluorometric method is based on the ability of living cells to convert
resarzurin (a redox dye) into a fluorescent end product, which is measured at 570 nm
directly from 96-well plates (NanoQuant Plate reader Infinite 200 PRO Tecan). Cells were
seeded in 96-well plates at a density of 2 x 103 cells per well and incubated for 15 hours.
Then, the medium was replaced with fresh medium containing the tested samples at
various concentrations. After incubation for 96 hours, the medium containing NPs was
removed and replaced with phenol red free fresh complete medium. The results were
evaluated according to the manufacturer's protocol, and the amount of fluorescence
obtained was proportional to the number of viable cells. Viability was expressed with
respect to the percentage of untreated cells (100%). Control wells were included in each
plate to measure the fluorescence of the culture medium with NPs added in the absence

of cells.

7. Orthotopic xenotransplant mouse model
All in vivo experiments were performed in female NOD scid gamma mice (NSG,
NOD.Cg-Prkdcscid 12rgtm1Wjl/SzJ). Animal welfare and experimental procedures were

carried out in accordance with institutional (Research Ethics Committee of the
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University of Granada, Spain) and international standards (European Communities
Council directive 86/609). All animals (n= 5 per group) were maintained in a micro-
ventilated cage system with a 12h light/dark cycle, and they were manipulated in a
laminar air-flow cabinet to keep on the specific pathogen-free conditions. To establish
orthotopic xenograft tumors, six-to eight-week old female mice were used. Mice were
anesthetized by inhalation of isofluorane and the tumors were generated in the right
breast by subcutaneous injections of 5x10° cells/mouse mixed with Corning ®Matrigel®
Matrix and using 26-gauge needles. Intravenous administration in the vein tail of the
mice of PBS, Free DOX and NPs was performed every three days for a period of 43 days,
as well as the evaluation of fluorescence by IVIS® (Perkin Elmer). Tumor growth was
assessed twice weekly using a digital caliper and the tumor volume was calculated by
the formula V=(length)?xwidthxm/6. The weight of the mice was also measured every
three days. The end-point of the experiment was at day 44. The mice were left untreated
for a month in order to eliminate the NPs that were not specifically bound to the tumor
tissue. During that month, the fluorescence of the mice was analyzed in the IVIS® once
a week. Finally, mice were euthanized by cervical dislocation and tumors were excised,

photographed and analyzed by IVIS®.

8. Statistical analysis

The data are presented as the mean + the standard deviation in the error bars.
The sample size (n) indicates the experimental repeats of a single representative
experiment, with 3 being unless otherwise specified. The results of the experiments
were validated by independent repetitions. Graphs and statistical difference data were
made with GraphPad Prism 6.0 (Graphpad software Inc.). Statistical significance was
determined using Student's t-test in paired groups of samples with known median and
2-way repeated measures ANOVA followed by Bonferroni test compared to more than

two groups of samples. A p-value of < 0.05 was considered significant.
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RESULTS

1. Preparation and characterization of NPs (HP-Cy7-DOX-NPs) as theranostic probes.
A chemical strategy was developed by the NanoChemBio team to prepare
multifunctionalized polymeric NPs. A monodisperse population of aminomethyl
polystyrene cross-linked NPs were prepared by dispersion polymerization using a
previously reported protocol.??’ Size distribution was determined by DLS showing
homogeneous size and low polydispersity (460 nm with a PDI of 0.042). Zeta potential
value was 81.2 + 0.1 mV. The concentration of NPs (4 x 106 NP/uL + 1.44 x 10°) was
calculated according to the method developed by our research group (see Anexes, S.1.
Chapter 1).2°8 After coupling reactions, their efficiencies were monitored by Kaiser
colorimetric test.?*® Loading of starting aminomethyl NPs (1) (54 umol/g) was calculated

using the Fmoc test3% following coupling of Fmoc-Gly-OH amino acid to these NPs (1).

To achieve the efficient covalent functionalization of three different chemical
structures to NPs an orthogonal strategy had to be designed. The NanoChemBio team
strategy is based on the fully orthogonality between Dde and Fmoc protecting
groups.39%392 Aminomethyl NPs (1) were thus trifunctionalized as describe in Figure 26.
Firstly, NPs were double PEGylated.3°3 Subsequently, these NPs were bifunctionalized as
previously described, then double PEGylation was again carried out to achieve Fmoc-
Dde-NPs (6) (see Annexes, S.l. Chapter 1.).3° Then, drug conjugation was carried out to
hydrazine functionalized nanoparticle through a pH labile hydrazone bond obtaining the
conjugates DOX-NP (9). Then, a second Fmoc-Lys (Dde)-OH unit was coupled to the
DOX-NPs (9) to yield trifunctional NPs (10). Then, a near infrared cyanine fluorophore
(Cy7, Aexc=750nm, Aem=773nm) was conjugated using its NHS derivative to give rise to
the COOH-Cy7-DOX-NPs (13), which can be tracked in vivo. Finally, CRGDK peptide was
coupled to NPs via chemo-selective conjugation. In order to do so, the N-terminal end
of the CRGDK peptide was modified with an aminooxy acetyl group (see Annexes, S.I.
Chapter 1), which allows immobilization of the peptide to the COOH-Cy7-DOX-NPs (13),
through the formation of an N-alkoxyamide bond following activation of the carboxylic
group of the NPs with oxyma/DIC to obtain the final HP-Cy7-DOX-NPs(14). Control NPs
without conjugation of CRGDK for targeted delivery were prepared (Cy7-DOX-NPs (11)

(see Annexes, S.l. Chapter 1).
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Figure 26. General scheme of synthesis of theranostic nanoparticles (HP-Cy7-DOX-NPs (14).

Reagents and conditions (i) Fmoc-PEG-OH (1
DMF. 2 h, 60 °C; (ii) 20% piperidine, DMF, 3

5 equiv), Oxyma (15 equiv), DIC (15 equiv),
x 20 min; (iii) Fmoc-Lys (Dde) -OH, oxyma

(15 equiv), oxyma (15 equiv), DIC (15 equiv), DMF. 2 h, 60 °C; (vii) Hydroxylamine HClI,

Imidazole, NMP, 2x 1 h, 25 °C; (viii) Succinic anhydride (15 equiv), DIPEA (15 equiv), 2

h., 60 9C; (ix) Activation COOH group with oxyma (15 equiv), DIC (15 equiv), 2 h, 25 °C;

(x) hydrazine, 55% v/v (15 equiv), 15 h, 25°

C; (xi) DOX, PBS pH 6, 15 h, 25 °C (xii) 20%

piperidine, DMF, 3 x 20 min; (xiii) Cy7-NHS (1 equiv), DIPEA (0.1 equiv), 15 h, 25 °C;

(xiv) CRGDK (7 equiv), DIPEA (0.1 equiv), 15 h, 25 °C.
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Size distributions of the NPs were controlled after each key conjugation step by
DLS (Figure 27A, see Annexes, S.l. Chapter 1. Table S1). It can be observed that this
multifunctionalization strategy did not affect the NP size. These results confirm that
trifunctionalized NPs were stable and aggregation did not occur. These DLS size results

were corroborated by TEM analysis (Figure 27B) and by AFM (Figure 27C).

Figure 27A shows the zeta potential values in aqueous environments at pH 7.4
which shown negative values of HP-Cy7-DOX-NP (14). These results also confirm the
ability of zeta potential measurements to monitor the success of the chemical
modifications of NPs.3% In order to measure the labelling level of the theranostic
nanoparticles, HP-Cy7-DOX-NPs (14) was analyzed by flow cytometry, confocal
microscopy (Figure 27D and 27E) and UV spectroscopy (see Annexes, S.l. Chapter 1.
Figure S1). The conjugation efficiency was 74.1%. Taking into account the number of NPs
used in this assay (5.2 x 107 NPs/uL), we can estimate a final concentration of 9.5 x 10
nmol of Cy7/NP that correspond to 5.7 x 10’ molecules of Cy7/NP. The efficiency of
conjugation of the CRGDK homing peptide to the theranostic NPs (HP-Cy7-DOX-NPs
(14)) was determined by measuring the initial and final peptide concentration in the
reaction vessel by BCA test.3%> The absorbance values obtained at 562 nm were
translated into concentration using a standard calibration curve (see Annexes, S.l.
Chapter 1. Figure S2). The obtained results show a conjugation efficiency of 80.7%.
Taking into account the number of NPs used (1.83 x 108 NPs/uL), we can estimate a final
concentration of 8 x 10 nmol of CRGDK/NP that correspond to a density of 5.23 x 10’
CRGDK molecules/NP.

In order to evaluate the conjugation efficiency of DOX to theranostic NPs (HP-
Cy7-DOX-NPs (14)) the unconjugated drug which remain in the supernatant of the
reaction was measured by UV spectroscopy. A calibration curve, with lineal ratio
between the optic density of DOX and its concentration, was previously performed (see
Annexes, S.l. Chapter 1. Figure S3). The conjugation efficiency was calculated to be 72%.
As the number of NPs used in this assay were 5.2 x 10’ NPs/uL, we can estimate a final
concentration of 1.4 x 102 nmol DOX per NP that correspond to 8.4 x 107 molecules of

drug per NP. It is remarkable the fact that the final amount of each component is in the
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same range (10’ molecules per nanoparticle) to achieve each of the specific functions of

this nanosystem.

The efficiency of DOX release from HP-Cy7-DOX-NPs (14) was determined by
performing UV spectroscopy of the buffers in which HP-Cy7-DOX-NPs (14) were
incubated and using a HPLC system (see Annexes, S.l. Chapter 1. Figure S4). HP-Cy7-
DOX-NPs (14) where incubated at pH 5.2 (phosphate buffer) at which pH sensitive
hydrazone bonds are reversible cleaved. A significant drug release of 44% + 0.1 after 24
hours of incubation at pH 5.2 was observed. Then, a sustained release occurs up to 168
hours incubation, achieving a maximum release value of 73%. In contrast, there is no
significant loss of DOX conjugated to NPs when incubation is carried out in 7.4 pH PBS

(Figure 27F). Consequently, an efficient and selective drug release at acidic pH has been

achieved.

NPs Diameter Mean PDI Zetapotencial
(nm) (mv)
Amino methyl NP (1) 460+0.4 0.042 81.2+0.2
Fmoc-Dde-NP (6) 462.3+1 0.1 -37.8+0.62
Fmoc-Hydrazide-NP (8) 463+0.5 0.085 31.4+03
COOH-Cy7-DOX-NP (13) 462.8+1.2 0.013 -17+£1.4
HP-Cy7-DOX-NP (14) 467+ 1.6 0.015 -18.6+0.6

73%

1 Naked HP-Cy7-DOX-NP

SsC

0
2011 3 6 24 48 72 168
Time (h)

Cumulative Dox release (%)

o
oo )
) 3

Fluorescence Cy7

—r oy

» ——Phosphate 5.2 —=—PBS 7.4

Figure 27. Physico-chemical characterization of theranostic NPs (HP-Cy7-DOX-NPs (14)). A)
Table with particle size distribution (hm) and zeta potential of DOX-HP-Cy7-NP (14); B) TEM of
HP-Cy7-DOX-NPs(14); C) AFM of HP-Cy7-DOX-NPs (14); D) Confocal microscopy of HP-Cy7-
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DOX-NPs (14), Scale bar, 10 um; E) Representative overlay dot plot obtained after flow
cytometry analysis of naked NPs (1) (blue) and HP-Cy7-DOX-NPs (14) (green); F) Cumulative
DOX release of HP-Cy7-DOX-NPs (14). NPs were incubated in two phosphate solutions at
different pH, phosphate solution at pH 5.2 and PBS at pH 7.4, for 168 hours at 37 C. The results

have been expressed with the values of the mean + SEM.

All this preparation and characterization of NPs (HP-Cy7-DOX-NPs) as theranostic
probes has been developed by Dr. Victoria Cano Cortés belonging to the NanoChemBio

team.

2. Cellular uptake of theranostic nanoparticles is due to a receptor-mediated binding
mechanism

To initially investigate the effect of conjugation of the different bioactive cargoes
on cellular uptake, these theranostic NPs (HP-Cy7-DOX-NPs (14)) were evaluated using
a triple negative breast cancer cells (MDA-MB-231) that are characterized by rapid grow
rate and to be remarkable aggressive and metastatic. These cells are thus a perfect
candidate to evaluate these theranostic nanodevices for two reasons: (i) they
overexpress Nrp-1, which is the targets of the CRGDK homing peptide3° and, (ii) DOX is

a drug of choice for the treatment of triple negative breast cancer.3%’

Several assays were carried out to determine the number of HP-Cy7-DOX-NPs
(14) required to achieve an efficient uptake by flow cytometry analysis. As a first
approach, a range of concentrations of NPs from 50 to 20,000 NPs/ cells were evaluated
following 24 h of incubation. Then, cells were detached, fixed and analyzed by flow
cytometry. Untreated cells and cell treated with Naked NPs (1) and NPs without CRGDK,
Cy7-DOX-NP (11) were used as controls. Figure 28 shows results obtained by flow
cytometry. It can be observed that uptake of theranostic NPs (HP-Cy7-DOX-NPs (14)) is
very efficient and concentration dependent (Figure 28A and 28B). Efficient uptake was
corroborated by confocal microscopy (Figure 28F). It is interesting to highlight the lower
internalization of HP-Cy7-DOX-NPs (14) compared to Cy7-DOX-NP (11). Additionally,

when the mean fluorescence intensity is analyzed (Figure 28B), we can observe that
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nanofection keep increasing until cell saturation is reached (when 10,000 NPs are added

per cell).

To evaluate the influence of the incubation time on the internalization, HP-Cy7-
DOX-NPs (14) were compared with Cy7-DOX-NPs (11) (without ligand) for selective
release during a period of 72 hours, at different time intervals (3, 6, 24, 48 and 72 hours),
using 5,000 NPs/cell. As we can see in Figure 28C and 28D, after 3 hours of incubation,
maximum nanofection was achieved, with a clear difference between both types of NPs,
with Cy7-DOX-NPs (11) reaching 75% of the nanofection compared to 15% of the HP-
Cy7-DOX-NPs (14). These results corroborate the nonspecific entry of NPs in absence of
CRGDK.

Although the data reported so far could suggest a selective uptake of these
theranostic NPs (HP-Cy7-DOX-NPs (14)) due to specific cell targeting, we also proceed
with a deeper study that could provide more relevant information. Hence, the specificity
of the cellular uptake was further investigated by competitive binding experiments with
free CRGDK homing peptide. Cells were pre-incubated with CRDGK for 6 hours and
afterwards treated with HP-Cy7-DOX-NPs (14) and Cy7-DOX-NPs (11) for 15 hours. Cell
binding sites were effectively blocked by the free homing peptide, reducing significantly
the uptake of the theranostic NPs (HP-Cy7-DOX-NPs (14)) (Figure 28E). Furthermore,
uptake levels of tested Cy7-DOX-NPs (11) remained consistent despite free homing
peptide treatment. These data also support the specific and receptor-mediated binding
mechanism of HP-Cy7-DOX-NPs (14) and its significantly enhanced targeting activity

with Nrp-1 overexpressing cancer cells.
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Figure 28. Evaluation of cellular uptake of theranostic NPs (HP-Cy7-DOX-NPs (14)) and
control NPs without homing peptide (Cy7-DOX-NPs (11)) in the MDA MB 231 cell line. A) Bar
representation to compare cellular uptake between theranostic NPs (HP-Cy7-DOX-NPs (14))
and control NPs without homing peptide (Cy7-DOX-NPs (11)). B) Bar representation to
compare AMFI between theranostic NPs (HP-Cy7-DOX-NPs (14)) and control NPs (Cy7-DOX-NPs
(11)). C) Bar representation to compare nanofection cellular between theranostic NPs (HP-Cy7-
DOX-NPs (14)) and control NPs (Cy7-DOX-NPs(11)) at different times; D) Bar representation to
compare AMFI between theranostic NPs (HP-Cy7-DOX-NPs (14)) and Cy7-DOX-NPs (11) at
different times. Statistical significance was determined by two-way analysis of variance
(ANOVA) with a Bonferroni’s multiple comparison post-hoc between the same treatments of
the different cell lines, n = 6, (*p value < 0.05, **** p value <0.0001. The results have been
expressed with the values of the mean + SEM; E) Competitive binding assay with CRGDK
homing peptide; F) Confocal microscopy of the cellular uptake behavior of theranostic NPs

(HP-Cy7-DOX-NPs (14)).
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3. Theranostic NPs increase in vitro therapeutic efficacy of doxorubicin in triple

negative breast cancer cells.

The cytotoxic effect of DOX conjugated to theranostic NPs (HP-Cy7-DOX-NPs
(14)) was evaluated by measuring the cell-mediated reduction of sodium resarzurin, a
standard colorimetric and quantitative method that determines the cell viability on
MDA-MB-231 cells.3% Half maximal inhibitory concentration (ICso) was determined and
compared with cell incubation with free DOX. A range of different NPs concentrations
were incubated for 96 hours with MDA-MB-231 cells. ICsp value for theranostic NPs (HP-
Cy7-DOX-NPs (14)) was calculated to be 41 nM (Figure 29A), which correspond to 2,250
NPs/cell (see Annexes, S.l. Chapter 1. Figure S5B). As previously reported, free DOX
completely inhibited cell growth at 1000 nM, having an ICso of 120 nM in MDA MB 231
cells (see Annexes, S.I. Chapter 1. Figure S5A). These values indicated that DOX
conjugated to the NPs reduced the ICso value with respect to free DOX. As result, this
nanosytem offers a three-fold reduction of the amount of DOX required to have the
same effect than free DOX in tumor cells. These finding demonstrate that HP-Cy7-DOX-
NPs (14) could effectively target tumor cells overexpressing Nrp-1 receptors and

subsequently enhance the tumor selective therapeutic effect of DOX.
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Figure 29. Evaluation of theranostic NPs (HP-Cy7-DOX-NPs (14)) as targeted drug delivery by
the CRGDK homing peptide in the MDA MB 231 cell line. A) Half maximal inhibitory
concentration (ICso) of the theranostic NPs (HP-Cy7-DOX-NPs (14)) (nM); B) cytotoxic effect on
cell viability of cells incubated when added 500nM of theranostic NPs (HP-Cy7-DOX-NPs (14))
compared to control NPs (Naked NPs (1)) and free DOX (500nM). The experiments have been
carried out in triplicate and the results have been expressed with the values of the mean

SEM.
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Finally, the ICo of HP-Cy7-DOX-NPs (14) against MDA-MB-231 cells was
determined. The value of ICgp was 500 nM that correspond to 20,000 NPs/Cell. It was
observed that the reduction of cell viability was enhanced by using HP-Cy7-DOX-NPs (14)
when compared to free DOX (Figure 29B). Cell viability was reduced from 26% to 15%
by using NPs. It is important to remark that the Naked NPs (1) without DOX have no
effect on the cell viability of the MDA MB 231 cell line (Figure 29B).

4. Theranostic NPs have in vivo targeted therapeutic efficiency against triple negative
breast cancer avoiding side effects of doxorubicin and tracking treatment response in
real time.

To investigate in vivo therapeutic and tracking efficiency of these theranostic NPs
(HP-Cy7-DOX-NPs (14)), comparative efficacy studies were carried out. An orthotopic
xenotransplant of the triple-negative human breast cancer cell line MDA-MB231 was
performed in immunosuppressed female NSG mice. The mice (5 per group) were divided
into 3 groups and treated in accordance with the protocol approved by the Institutional
Committee for Animal Care and Use (IACUC) of the University of Granada and the
Andalusian Regional Government in accordance with the European Directive for the
protection of animals used for scientific purposes (2010/63/EU) and the Spanish law
(Royal Decree 53/2013).

The treatment with PBS, free DOX and theranostic NPs (HP-Cy7-DOX-NPs (14))
was administered during 43 days, considering time zero when the tumor reached a size
of 100 mm3. Periodic intravenous administrations were done to each group of mice
every 3 days. Figure 30A represents the changes in the relative tumor volume as a
function of the treatment time. Mice treated with free DOX showed a significant tumor
growth inhibition after 3 weeks. This therapeutic effect was evident for theranostic NPs
after 28 days, where a decrease in tumor volume was observed arriving on day 43 to be
similar to mice treated with free DOX (Figure 30A and 30B). These results show that HP-
Cy7-DOX-NPs (14) have a clear therapeutic effect similar to that of free DOX.
Remarkably, fluorescence intensity analysis by IVIS showed that the trifunctionalized
NPs (HP-Cy7-DOX-NPs (14)) were effectively tracked in vivo thanks to the conjugation of

the fluorophore onto the nanoparticle and selectively accumulated in the mammary
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tumor mass and not in the rest of organs thanks to the functionalization with the CRGDK

homing peptide (Figure 30C).

Histological analysis of orthotopic xenograft tumor tissues further confirmed the
therapeutic efficacy of HP-Cy7-DOX-NPs (14). As shown in Figure 31, xenograft tumors
of the control group were composed of tightly packed and proliferative tumor cells
(Figure 31A). However, in xenograft tumors from treatment groups, the cellularity was
significantly decreased, with typical apoptotic features such as small nuclear fragments
surrounded by a rim of clear cytoplasm were observed more frequently in theranostic

NPs-treated than DOX-treated tumors (Figure 31B and 31C).

These in vivo findings demonstrate the efficient targeted delivery and enhanced
therapeutic activity of these theranostic NPs in Nrp-1 overexpressing triple negative
breast cancer tumors. Previously, CRGDK peptide-functionalized nanomedicines were

also reported to afford good targetability to MDA-MB-231 cells in vitro and in vivo.30%310
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Figure 30. In vivo evaluation of therapeutic efficacy of intravenous administration of
theranostic NPs (HP-Cy7-DOX-NPs (14)) in comparison with doxorubicin in solution and PBS
in NSG mice with tumors induced in the breast by inoculation of MDA-MB-231 cells in
matrigel. A) Representation of relative change of tumor volume (mm3) over time of each
group of mice during 43 days of treatment. Each point and vertical line represent the mean *
SEM (n=5 per group). Statistically significant differences between PBS and free DOX treated
groups *P< 0.05; **P< 0.01; and PBS vs. HP-Cy7-DOX-NPs #P < 0.05; ##P < 0.01 on the same
day after treatment (2-way repeated measures ANOVA followed by Bonferroni test).Time zero
was considered when the tumor reached a size of 100 mm3. Periodic administrations are
made intravenously to each group of mice every 3 days. B) Images of orthotopic tumors in the
breast of untreated mice (top image) and those treated with trifunctionalized NPs (bottom
image) where a lower tumor volume is observed. C) In vivo fluorescence analysis (IVIS) of

nanoparticle detection compared to negative controls in mice and isolated tumors.
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Free DOX

HP-Cy7-DOX-NP

Figure 31. Histological analysis with Hematoxylin/eosin and DAPI staining of tumors extracted

after treatment with PBS (A), Free DOX (B) and HP-Cy7-DOX-NPs (C).

Additionally, a series of experiments were carried out to monitor the in vivo
toxicity of the treatment. First, a comparative analysis of the survival of mice treated
with the theranostic nanoparticles (HP-Cy7-DOX-NPs (14)) versus mice treated with free
DOX and untreated control mice (PBS) was carried out during the treatment period (43
days). In Figure 32A it can be observed as the percentage of survival during the
treatment period was 100% for both the mice treated with NPs and those that control
group. However, treatment with DOX caused a high impact on survival. After 30 days of
treatment there was a drastic decrease in the percentage of survival (30%). This effect
could be attributed to the inherent systemic toxicity of this antitumor drug3!! and to the
serious side effects of this conventional chemotherapy treatment. Indeed, an analysis
of the physical appearance of the treated mice corroborates this result. Figure 32B
shows a representative image of a mouse treated with free DOX where evident external
signs of toxicity are observed in comparison with a mouse form the group treated with

theranostic nanoparticles (HP-Cy7-DOX-NPs (14)).
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The main external side effects observed in mice treated with free DOX were
weight loss, piloerection, behavior disorders and damaged tail, among others. The most
striking side effect was the high cutaneous toxicity produced in the tail of the mice
treated with DOX (Figure 32B, top image). Also, a significant weight reduction was found
in mice treated with free DOX in comparison to weight in both control untreated or
theranostic NPs-treated mice (Figure 32C). Additionally, to observe the toxic effect of
the treatment at the level of the central nervous system, a standardized protocol to test
movement was carried out at day 30 in a cage with a camera prepared for this purpose.
This camera analyzes the distance travelled by the mouse during 24 hours. Treatment
with HP-Cy7-DOX-NPs (14) did not affect the motor activity being comparable to that of
the untreated mice; however, free DOX caused a significant decrease of mice mobility
(Figure 32C). In metastatic breast cancer, DOX treatment has several adverse effects
including cardiotoxicity, skin and hematological toxicities due to lack of selectivity, which
subsequent provoke the therapeutic failure.31? Our results suggest that DOX loaded to

theranostic NPs significantly avoids important side effects.
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Figure 32. Evaluation of the toxicity of the theranostic nanosystem. A) Kaplan-Meier survival
curve B) Comparative study of external signs of toxicity in mice treated with free DOX or
treated with theranostic NPs. C) Analysis of weight variation during treatment. Each point and
vertical line represent the mean + SEM (n=5 per group). D) Analysis of activity based on the
movement capacity (24 hours) of the treated mice versus control mice without treatment.
Statistically significant differences between PBS and free DOX treated groups **P< 0.01; and
HP-Cy7-DOX-NPs vs. Free DOX#P < 0.05 (2-way repeated measures ANOVA followed by

Bonferroni test).
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DISCUSSION
In this study, a successfully developed theranostic nanodevice based on

orthogonal conjugation strategies for the multifunctionalization of polymeric NPs is
reported for the first time. Theranostic NPs (HP-Cy7-DOX-NPs (14)) containing
controlled amount of each one of the components has been successfully prepared. A
selective receptor-mediated release of DOX has been successfully achieved in TNBC cells
overexpressing Nrp-1 by CRGDK peptide conjugation. Moreover, the fluorescent

labeling (Cy7 tracker) allows in vitro and in vivo tracking of the nanodevice.

An orthogonal strategy to achieve the efficient covalent tri-functionalization of
NPs have been developed. This included PEGylation to increase the half-life of the
circulating NPs and to reduce the unfavorable interactions between the different
molecules conjugated to the NPs, but also to evade opsonisation and subsequent
phagocytosis.3® Moreover, DOX was bound to the NPs through a pH labile hydrazone
bond to allow the release of DOX via the pH sensitive hydrazine linker in a sustained
manner in both tumor cells (lysosomes: pH 4-5, endosomes: pH 5-6) and tumor
microenvironments (pH 6.5-7.2), which present lower pH values due to hypoxia if
compared with that in bloodstream (pH 7.4).3'3 The sustained drug release of HP-Cy7-
DOX-NPs (14) up to 168 h at pH 5.2 suggests that in acidic tissues such as tumoral tissues
could be a very beneficial feature to prolong and improve the therapeutic efficacy of

NPs and validates the drug release strategy selected for this study.

In addition, CRGDK (Cys-Arg-Gly-Aps-Lys) homing peptide was coupled the NPs
via chemo-selective conjugation to target TNBC cells overexpressing Nrp-1. This
transmembrane receptor glycoprotein is involved in nervous system development and
angiogenesis and, also, is overexpressed on the surface of a wide variety of tumors and
it has a crucial role in TNBC tumorigenesis and metastasis. Nrp-1 is a useful targeting site
for tumor-specific drug delivery and selective anti breast cancer strategies.?'* In fact,
CRGDK-mediated targeting has been widely demonstrated to be able to increase the
affinity for tumor cells and facilitate the drug-loaded NPs to efficiently enter the cells
through ligand-receptor mediated endocytosis.3'>317 Our in vitro results showed the
nonspecific entry of NPs in absence of the homing peptide and after the selective

blockage of receptor, supporting the specific and receptor-mediated binding mechanism
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of HP-Cy7-DOX-NPs (14) and its significantly enhanced targeting activity with Nrp-1
overexpressing cancer cells. Moreover, cytotoxicity assays showed three-fold reduction
of the amount of DOX required to have the same effect than soluble DOX in MDA-MB-
231 cells, which indicate the ability of our targeted theranostic nanosystem to increase

the antitumor potency of DOX.

In agreement with these results, CRGDK peptide-functionalized nanomedicines
were also reported to afford good targetability to MDA-MB-231 cells in vitro and in
vivo.39%310 Nowadays, several reports have demonstrated that attaching this peptide to
different types of NPs, they are capable of specifically recognize the Nrp-1 receptor and

increase the in vivo cytotoxic effect of vehicularized drugs [35,38—40].31>318-320

To investigate the in vivo therapeutic and tracking efficiency of these theranostic
NPs (HP-Cy7- DOX-NPs (14)), comparative efficacy studies were carried out. An
orthotopic xenotransplant of the MDA-MB-231 TNBC cell line was performed in
immunosuppressed female NSG mice while not appreciable side effects were observed.
These in vivo experiments demonstrate the efficient targeted delivery and enhanced
therapeutic activity of these theranostic NPs in Nrp-1 overexpressing TNBC tumors.
Remarkably, in vivo fluorescence tracking analysis showed the preferable location of
theranostic NPs in the tumor area reducing the volume in a similar grade than free DOX.
The choice of a near infrared tracker (Cy7 fluorophore) allowed an efficient monitoring
by fluorescence analysis with low background and high signal-to-noise ratio. These
properties make near infrared fluorescent dyes of great interest for bioimaging
applications.3?! A comparative analysis of the survival of mice treated with the
theranostic nanoparticles (HP-Cy7-DOX-NPs (14)) versus mice treated with free DOX and
untreated control mice (PBS) was carried out during the treatment period, showing
lower survival rates for free DOX (30%) than those treated with theranostic NPs (100%).
The effect of free DOX could be attributed to the inherent systemic toxicity of this
antitumor drug3!! and to the serious side effects of this conventional chemotherapy
treatment. Indeed, an analysis of the physical appearance of the treated mice
corroborates this result. In metastatic breast cancer, DOX treatment has several adverse

effects including cardiotoxicity, skin and hematological toxicities due to lack of
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selectivity, which subsequent provoke the therapeutic failure.3'? Our results suggest

that DOX loaded to theranostic NPs significantly avoids important side effects.
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ALBUMIN-COVERED LIPID NANOCAPSULES EXHIBIT
ENHANCED UPTAKE PERFORMANCE BY BREAST-TUMOR
CELLS
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BACKGROUND

Controlled drug delivery may be considered a frontier area of pharmaceutical
science and technology, involving a multidisciplinary scientific approach and
contributing significantly to human health care. New delivery systems, compared to
conventional ones, can improve efficacy and patient compliance and convenience. Due
to the poor solubility of most anticancer drugs, current therapies must use solubilizer
agents for intravenous administration, which provoke unpleasant secondary effects.
Nanoparticle-based drug-delivery systems are suitable to overcome this solubility
problem while offering other advantages, such as a high degree of biocompatibility and
versatility,3?> sustained delivery,3?®> and protection from chemical and physical

degradation.3?*

An important restriction for the use of NPs in drug delivery is their potential
toxicity.32> A proposed solution for this limitation is to adopt, as nanocarriers, proteins
that exit in the human body, such as albumin. Human serum albumin (HSA), adsorbed
onto polystyrene NPs, reportedly inhibits their phagocytosis and promotes prolonged
circulation time in blood.?%%:326:327 Therefore, HSA is considered a disopsonin, i.e. a
molecule that can avoid clearance by the reticule-endothelial system. On the other
hand, albumin accumulates in malignant and inflamed tissues, and serves as the main
nutrient for tumor growth.3?® For these properties, HSA has been proposed as an

important tool to develop drug vehicles.329-331

Lipid-based nanocarriers are being widely used for drug delivery, with some
already passed for clinical use.33? Examples for such lipid nanovehicles are solid lipid NPs,
nanostructured lipid carriers, and liquid lipid nanocapsules (LLNCs). LLNCs are colloidal
systems consisting of an oily core covered by a protective polymeric shell. They can
reach high drug-encapsulation efficiency due to their hydrophobic nature33? and reduce
tissue irritation at the deposition site due to their polymeric shell.33* Surfactants and
hydrophilic molecules such as chitosan, polyethylene glycol (PEG), poly(lactide-co-

glycolide) (PLGA) or poloxamers, have been used to coat LLNCs.3%°

Features such as the pharmacokinetics, biodistribution, and the colloidal stability
of NP in biological media are governed largely by their surface properties. Most NP

formulations are rapidly sequestered by cells of the mononuclear phagocyte system
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after intravenous administration. The choice of an appropriate coating polymer to
decrease the interaction of the NP with serum components is important to achieve long
blood-circulation time.336337 Recent studies have shown that the synthetic identity of
NP plays an important role in the phagocytic cell uptake.33833% |n addition, the
physicochemical properties of the NP shell should influence the drug-release pattern.
Human-serum albumin is a good candidate to be employed as external polymeric shell
as it is a natural material with biocompatibility, biodegradability, and non-toxicity. This
protein shell can be further strengthened by covalent cross-linking with glutaraldehyde
(GAD), and specific targeting molecules that can recognize markers on the surface of

cancer cells may be attached by reaction with carbodiimide.

In a previous publication, we presented an extensive study concerning the
influence of processing parameters on the properties of olive-oil nanocapsules stabilized
by HSA.3%0 The present study describes the development of nanocapsules with an olive-
oil core covered by a GAD-cross-linked HSA shell. We evaluate how the physico-chemical
properties of these nanocapsules can influence their colloidal stability, drug release
profile, and cellular uptake. For a hydrophobic drug model, we have chosen curcumin, a
natural product with low intrinsic toxicity but recognized medicinal properties such as
anti-oxidant,3*! anti-inflammatory,3*> anti-Alzheimer’s disease,>*?® and anti-tumoral

activity.3**
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MATERIALS AND METHODS

1. Materials

Curcumin, coumarin-6, human serum albumin (HSA), olive oil, oleic acid,
glutaraldehyde (GAD), poloxamer F-127, MTT assay reactive [3-(4, 5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide], 4',6-Diamidino-2-phenylindole dihydrochloride
(DAPI), dimethyl sulphoxide (DMSO), L-glutamine, sodium bicarbonate, Hepes buffer,
and penicillin/streptomycin solution were purchased from Sigma-Aldrich (Madrid,
Spain). DMEM (Dulbecco’s modified Eagle medium), MEM (minimum essential
medium), and FBS (heat-inactivated fetal bovine serum) were purchased from Thermo
Fisher Scientific (Gibco, Grand Island, NY, USA). The human breast-cancer MCF-7 cell line
was obtained from American Type Culture Collection (ATCC) and cultured following
ATCC recommendations. All aqueous solutions were prepared using ultrapure water

from a Millipore Milli-Q Academic pure-water system.

2. Preparation of LLNCs

LLN were prepared using a solvent-displacement method as previously
described.3%° Briefly, as a general working scheme, a solution containing 300 pl of olive
oil, 37.5 ml of ethanol and different amounts of curcumin was poured into 40 ml of an
aqueous phase containing HSA to form an emulsion. The dispersion became turbid
immediately because of the formation of nanocapsules. After 10 min of stirring, 250 pl
of a 0.16% solution of GAD was added to the dispersion to cross-link the HSA coating
molecules. The mixture was left under continuous stirring over a time period of 15 min
at 259C. Subsequently, the ethanol was evaporated under vacuum at a temperature of
349C in a rotary evaporator and the dispersion thoroughly dialyzed against and low-

ionic-strength phosphate buffer at pH 7.

Similar LLNCs were prepared without curcumin to be used as blanks, as well as

without the GAD cross-linking process for comparison purposes.

The amount of encapsulated curcumin in the nanocarriers was determined by
UV-vis spectrophotometry after their disaggregation with propanol. Upon
centrifugation at 14000 rpm for 10 min, the supernatant was collected and the amount
of curcumin determined by absorption at 430 nm using a UV-vis spectrophotometer

(BioSpectronic Kinetic Spectrophotometer, Eppendorf, Germany). The curcumin
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concentration was calculated by appropriate calibration curve of free curcumin in

propanol (R>>0.999). Each batch sample was measured in triplicate.

LLNCs loaded with the fluorophore coumarin 6 were also prepared to compare
the uptake efficiency of nanocapsules with different shells (protein, poloxamer, and a
mixture of poloxamer and oleic acid). The preparation method in all cases was the same
as previously described, changing curcumin to 0.1 mg of coumarin 6 in the three
samples. HSA was replaced by 200 mg of Poloxamer F127 in the PL-C sample, and by 100
mg of Poloxamer F127 and 125 mg of oleic acid in the PLOA-C sample.

3. Morphology of nanocapsules

The aspect of LLNCs was assessed by Cryo-Transmission Electron Microscopy
(Cryo-TEM) technique. Five microliters of sample were placed on a glow-discharged
holey-type carbon-coated grid (Quantifoil R2/2), and vitrified in liquid ethane using a
Vitrobot Mark IV (FEI), under controlled conditions. Samples were maintained at a
temperature of approximately -1709C in liquid nitrogen until they were transferred into
a cryo-holder (Gatan), using a cryo-transfer stage. Imaging was carried out using FEI
Tecnai G2 20 TWIN transmission electron microscope operating at 120 kV and at a
nominal magnification of 100,000-150,000x under low-dose conditions. Images were
recorded with a 2k x 2k MP side-mounted CCD camera (Olympus Veleta). Measurements
were performed in the Andalusian Centre for Nanomedicine and Biotechnology,

BIONAND (Mdlaga, Spain).

4. Measurement of size and surface potential of LLNCs

The particle-size distribution and zeta potential of LLNCs were determined by
dynamic light scattering (DLS) using a Zetasizer Nano-S system (Malvern Instruments,
UK). The self-optimization routine in the Zetasizer software was used for all
measurements, and the zeta-potential calculated according to the Smoluchowsky
theory. After a 100-fold dilution with a low ionic strength (2 mM) phosphate buffer at

pH 7, measurements were performed at 252C in triplicate.

5. Determination of drug-release kinetics
The in vitro release kinetics of the curcumin-loaded LLNCs was undertaken by a

dialysis method. For this, 2 ml of nanocapsule suspension was stuffed into a dialysis sac
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and placed in a 200-ml flask containing phosphate buffer at pH 7.4 in a water bath at
379C under magnetic stirring at 300 rev/min. At predetermined time intervals, 50 pl
aliqguots were extracted from the LLNCs suspension. The remaining amount of curcumin

loaded in the nanocapsules was determined as previously described.

6. Cell line and culture conditions
The human breast-cancer MCF-7 cell line was grown at 37°C in an atmosphere
containing 5% CO; with DMEM supplemented with 10% (v/v) FBS, 2% I-glutamine, 2.7%

sodium bicarbonate, 1% Hepes buffer, and 1% penicillin/streptomycin solution.

7. Uptake studies

With the aim of comparing the effectiveness entering cells of different
nanocapsule shells, an initial study was performed with coumarin 6-labeled
nanocapsules. For this, MCF-7 (5 x 103) cells were seeded into 6-well plates under the
culture conditions detailed above. After 24 h, cells were fed with fresh medium and
treated with coumarin 6-loaded nanocapsules. Cells were incubated with the particles
for 30 min and 3 h and then washed twice with phosphate saline buffer (PBS) to remove
free nanocapsules. Fresh PBS was added and living cells were analyzed by fluorescent
microscopy (Nikon Eclipse Ti-S). Just before the examination, DAPI was added at ambient
temperature and in the dark to stain nuclei DNA. Cells treated with empty nanoparticles

were used as controls.

In a later stage, after the observation of the enhanced uptake performance of
protein-covered nanocapsules, the uptake of Curcumin-LLNCs was analyzed by
fluorescence confocal microscopy at 1 min and 3 h after exposure of cells to
nanocapsules with and without GAD cross-linking. MCF-7 cells (3 x 103/well) were
seeded in a p-Slide 8 Well chambers (ibiTreat, IBIDI) using DMEM as culture medium.
After 24 h, LLN with a 10 uM concentration of curcumin were diluted in 200 pl of DMEM
and added to the cells. Imaging experiments were conducted with a Zeiss LSM 710 laser-
scanning microscope using the tissue culture chamber (5% C0,,372C) with a Plan-

Apochromat 63x/1.40 Qil DIC m27. Images were processed with Zen Lite 2012 software.
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8. Proliferation assays

The effect of curcumin-loaded LLNCs on cell viability was assessed using the MTT
assay. MCF-7 breast-cancer cells were seeded into culture flasks with 75 ml DMEM and
10% of FBS. When confluence was optimal (80%), cells were detached with trypsin/EDTA
and seeded into 96-well plates at a concentration of 3000 cells per well. The cells were
then treated with curcumin-loaded LLNCs with and without GAD cross-linking, and free
curcumin for three days. Free curcumin was dissolved in DMSO and curcumin LLNCs
were diluted in PBS. Curcumin concentrations of all samples were 0.2, 0.5, 1, 3, 5and 10

MM in 200 pl of DMEM.

The toxicity evaluation was performed by MTT assay according to the protocol.
Briefly, the MTT solution was prepared at 5 mg/ml in 1x PBS and then diluted to 0.5
mg/ml in MEM without phenol red. The sample solution in the wells was removed and
100 ul of MTT dye was added to each well. Plates were shaken and incubated for 3 h at
37°C. The supernatant was removed and 100 pl of DMSO were added. The plates were
gently shaken to solubilize the formed formazan. The absorbance was measured using
a plate reader at a wavelength of 570 nm. The inhibitory concentration 50 (ICso) values
were calculated from dose-response curves by linear interpolation. All of the

experiments, plated in triplicate wells, were carried out twice.

9. Cytotoxicity confocal fluorescence microscopy assays

MCF-7 cells were seeded at a concentration of 3000, 2000, and 1000 cells per
well in two u-Slide 8 Well. Then each plate was treated with curcumin LLNCs with and
without GAD, respectively, at a concentration of 10 uM. The samples were analyzed
after 24, 48, and 72 h by confocal fluorescence microscopy. The wavelengths of
excitation and emission employed were 405 and 555 nm, respectively. Images were
taken with a Zeiss LSM 710 laser-scanning microscope and processed with Zen Lite 2012

software.

10. 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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RESULTS

1. Preparation of LLNCs.
LLNCs were prepared using a solvent-displacement method as previously

described.3%° Briefly, it consists of the formation of a nanoemulsion by incorporating,
with a high mechanical force, an organic phase into an aqueous phase under stirring.
This produces a nanoemulsion of a certain size due to the addition of a defined amount

of olive oil to the organic phase (Figure 33).

. Mixture of organic and
Organic Phase aqueous phﬁse and Aqueous Phase

evaporation under vacuum

I Olive oil and Curcumin in ethanol HSA in water |

54

Human Serum Albumin

Olive oil Curcumin

HSA-LLN

Figure 33: Scheme of synthesis of HAS-LLNCs.

2. Characterization

The nanocapsule structure was imaged by cryo-TEM (Figure 34). All pictures in
Figure 34 correspond to LLNCs with cross-linked HSA. As can be seen in Figures 34A and
34B, oil nanocapsules have a spheroidal shape and are not aggregated. Arrows in Figure

34B indicate a break in the protein coating around the oily core.
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200 nm

Figure 34. Cryo-TEM visualization of LLNCs stabilized by cross-linked HSA.

The cryo-electron micrographs 34C and 34D show isolated protein shells that
were covering the nanocapsules and have been broken. Clearly, the addition of GAD
leads to a cross-linking of the protein shell that looks like a skin or a membrane. The

LLNCs sizes are in line with DLS measurements (diameter of 169+4nm).

The effect on the nanocapsules surface charge upon treatment with GAD was
analyzed by measuring the zeta potential under different experimental conditions. As a
consequence of the cross-linking between the HSA molecules surrounding the oily core,
the nanocapsule surface charge should significantly rise, since this covalent reaction
occurs between the aldehyde groups in GAD and the protein amino residues. The

number of positive charges should then diminish and, as a result, the contribution of
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negatively charged carboxylic groups should become stronger and the net charge of the

nanocapsules should be more negative.
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Figure 35. Zeta potential of LLNCs prepared with and without GAD. (A): Effect of pH; (B): Effect
of GAD/HSA ratio (w/w).

Figure 35A presents the zeta potential as a function of pH for nanocapsules
prepared with and without the GAD cross-linking treatment. As can be observed, the
zeta potential of LLNCs with cross-linked HSA is more negative at all pH values studied
than in the case of LLNCs not treated with GAD. An immediate consequence of this
surface-charge reduction is a concomitant decrease in the isoelectric point of these
nanocapsules, from around 5 to 4.6. These results clearly confirm the cross-linking

between the HSA molecules.

The zeta potential is an important index for the colloidal stability of NP. It is
generally accepted that zeta potential values above +30 mV or lower than -30 mV are
indicative of stability.3*> Electrostatic repulsions between NP with these values of zeta
potential prevent coagulation. The long-term stability of LLNCs was evaluated at 49C for
6 months, measuring their particle diameter and polydispersity index at different time
intervals. As expected, these parameters did not differ significantly during the storage

period, suggesting good colloidal stability of the LLNCs.
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Another approach to verify the influence of GAD cross-linking on the
nanocapsules surface charge was the evaluation of the effect of different amounts of
glutaraldehyde on the zeta potential of the resulting LLNCs (Figure 35B). As expected,
this parameter increased its negative value with the content of cross-linking agent,
suggesting again that the covalent reaction with the protein amino groups was taking
place while the number of positive charges decreased. The zeta potential was found to
level off for a GAD/HSA relation higher than 0.20, reaching a maximum of ca. -49 mV.
The extent of linking between protein molecules will depend on the number of HSA

molecules on the coating shell.

Colloidal stability of the LLNCs as a function of electrolyte concentration was

analyzed (see Annexes, S.l. Chapter 2. Figure S8)

3. Curcumin release properties

In vitro release experiments were performed at two different temperatures,
namely 42C and 372C. The percentage of curcumin lost after storage (42C) or
conditioning (372C) LLNCs at these two temperatures was evaluated for different time
periods. The results for nanocapsules treated and not treated with GAD and kept at 4¢C
are presented in Figure 36A. It is noteworthy that the release of curcumin from LLNCs
with cross-linked HSA is retarded in comparison with non-linked LLNCs. For these
nanocapsules, more than 86% of curcumin was lost after six months, while only 53% of
the drug was discharged from LLNCs covered with a shell of cross-linked HSA. This
marked difference suggests that the GAD cross-linked protein behaves as a “protective

membrane” to hold the drug molecules inside the nanocapsules.

The effect of the curcumin-olive oil relation on drug release was also evaluated
after storage of nanocapsules at 42C for different time intervals (Figure 36B). It is clear
from this figure that the percentage of curcumin released increases with the initial
concentration of the drug in the nanocapsule. The highest curcumin-oil relation yielded
nanocapsules that released 62% of curcumin after 6 months of storage, whereas the

lowest drug-oil ratio discharged only 38% of the initial drug content in the same period.
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Figure 36. Percentage loss of curcumin as a function of time at 42C. (A): Effect of GAD

treatment; (B): Effect of oil: curcumin ratio.

Another aspect of this study was the investigation of the in vitro curcumin release
profile at 379C using a dialysis method. Nanocarriers are intended for drug-targeting
purposes, and therefore rapid drug release or an extremely retarded one may lead to a
system failure. Since Cryo-TEM images show that the LLNCs structure exhibit an oily core
surrounded with a protein wall, the curcumin-release profile would be expected to be
sensitive to changes in the characteristics of this protein layer. With the aim of analyzing
the effect of the GAD content used in the cross-linking reaction on this parameter, the
release kinetics for three LLNCs samples prepared with increasing relation GAD/HSA and
with the same amount of HSA were examined. The results in Figure 37 indicate that
nanocapsules with a wall of cross-linked protein molecules retarded the discharge of
curcumin at 372C, as happened at 49C. In other words, the protein cross-linking

facilitated the retention of the drug in the nanocapsules.

Nanocapsules not treated with GAD exhibited an initial burst effect more
pronounced than LLNCs with cross-linked HSA. This first stage involved the loss of ca.
42% and 20% of the total entrapped drug amount in the first 2 h for LLNCs non-treated
and treated with GAD, respectively. It is notable that curcumin release profiles for the
two GAD/HSA relations studied coincide. These observations suggest that even the
smallest amount of GAD used in these experiments is adequate to generate a protective

cross-linked protein membrane.
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All LLNCs samples presented a rapid initial release of curcumin. This burst release
could be ascribed to an immediate dissolution of curcumin deposited onto the particle
surface, or to a drug accumulation near the nanocapsule surface. At a later stage, the
curcumin entrapped in the inner nanocapsules core would be discharged more slowly,
the rate being determined by the diffusion of the curcumin through the oily phase to
the agueous medium, and probably retarded by the physico-chemical characteristics of
the surrounding shell. There was a noteworthy difference in the release kinetics patterns
between the protein-covered nanocapsules presented in this study and the surfactant-
covered ones described by Abdel-Mottaleb et al.3*¢ They reported a linear release of
ibuprofen at 372C (zero order kinetics), with a total drug discharge after 24 h. By
contrast, our system presented a more complex pattern, and drug release did not end
even after 33 h. These results suggest that the release mechanism clearly depends upon

the nature of the protective nanocapsule shell.
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Figure 37. Percentage loss of curcumin as a function of time at 372C.
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The effect of the HSA content (used in the synthesis of the nanocapsules) on the
curcumin release profile at 372Cis alsoillustrated in Figure 37. As can be seen, the higher
the protein concentration, the slower the release kinetics. This result points out to a
more compact surface monolayer, or a multilayer (or both), when protein concentration
is increased, thereby hampering drug release. At the initial step, the burst release
appeared stronger in the LLNCs prepared with the lower amount of HSA. From these
data, we conclude that the initial burst release does not come from curcumin adsorbed
at the protein surface, since in that case we would expect a higher burst release with
the highest protein concentration. Given these results, it is possible that the first rapid

release of the drug is due to the accumulation of curcumin near the LLNC surface.

4. Cellular uptake of coumarin 6-loaded nanocapsules

As mentioned above in the Methods section, an initial study was performed to
compare the effectiveness of different nanocapsule shells entering cells. With that aim,
three kinds of LLNCs were prepared with different surface coverage: HSA, Poloxamer
F127, and a mixture of Poloxamer F127 and oleic acid, corresponding to the samples

H10-C, PL-C, and PLOA-C, respectively.

Figure 38 shows the fluorescence detected after 30 min and 3 h of exposure of
MCF-7 cells to the three samples. Green fluorescence corresponds to coumarin 6-loaded
nanocapsules, while blue fluorescence highlights cell nuclei. As can be seen, the uptake
was significantly faster for the H10-C nanocapsules than for the other two types. After
30 min of incubation, the coumarin 6 was localized in the cytoplasm of cells more
abundantly in the case of protein-covered nanocapsules (sample H10-C, Figure 38E),
indicating that these nanosystems are more effective vehicles to transport molecules

within MCF-7 cells.

The uptake increased in all cases with a longer incubation time, but differences
among the nanocapsules remained after 3 h of incubation. In Figure 38F, shown with a
higher microscopic magnification than the other images, it is possible to appreciate an
intense cytoplasmic accumulation of protein-covered LLN not observed with the other

two kinds of nanocapsules.
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Figure 38. Uptake assays of MCF-7 cells treated with coumarin 6-LLNCs during 30 min (left) and
3 h (right): (A) and (B) PL-C sample; (C) and (D) PLOA-C sample; (E) and (F) H10-C sample. Cell

nuclei are stained with DAPI. All images x10 magnification, except (F) x20.

5. Cellular uptake of curcumin-LLNCs

To further elucidate the capabilities of albumin-covered LLNCs entering MCF-7
cells, and recognize the possible influence of the protein cross-linking procedure, we
undertook confocal fluorescence microscopy observations after a very short incubation
time (1 min) and a long one (3 h) with both kinds of nanocapsules, namely HSA-coated
LLNCs with and without GAD treatment. In these experiments coumarin 6 was not

included in the LLN formulation, since the model drug used, curcumin, displayed enough
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fluorescence to be detected in the confocal microscopy. The results are shown in Figure

39.

No GAD LLN

GAD LLN

Figure 39. Confocal fluorescence microscopy after 1 min and 3 h exposure of cells to
nanocapsules. LLNCs without GAD: (A) 1 min (B) 3 h; LLN cross-linked with GAD: (C) 1 min (D) 3
h.

As can be seen in this figure, the uptake evaluation reveals an outstanding
performance of both types of LLNCs (with and without GAD cross-linking) entering
massively and efficiently the cells in less than 1 min of exposure, and accumulating in
the perinuclear zone. Only a slight difference in fluorescence intensity was detected

between the two kinds of nanocapsules within this short time. After 3 h of exposure,
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nevertheless, LLNCs treated with GAD (Figure 39D) displayed a clear increase in

fluorescence intensity with respect to LLNCs not treated with GAD (Figure 39B).
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Figure 40. Cell viability of MCF-7 cells upon treatment with free curcumin and albumin-coated

LLNCs. Insert: Cell viability upon treatment with blank nanocapsules (no curcumin).

Figure 40 summarizes the cell-viability data from the MTT assay after treating
MCEF cells with free curcumin and curcumin-loaded LLNCs with and without GAD cross-
linking. This figure shows that blank (control) LLNCs, i.e. nanocapsules without curcumin,
displayed no toxicity to MCF-7 cells even in the case of the GAD-treated ones. However,
curcumin-loaded nanocapsules decreased cell viability in all samples tested. In the case
of free curcumin, we found an ICsp value of 3.4£0.2 uM, whereas curcumin-LLNCs with

and without GAD cross-linking gave 1Csg values of 4.310.2 and 8.7+0.1 uM, respectively.

6. Cell-viability assay using confocal fluorescence microscopy
With the aim of gaining insight into the cell-killing process taking place upon

exposure to curcumin-loaded nanocapsules, cell viability was visually analyzed by
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confocal fluorescence microscopy (Figure 41). Data compiled by this technique show
that curcumin-LLNCs caused cell death after three days of treatment in the MCF-7
human breast-cancer cell line. For LLNCs not cross-linked with GAD, cells began to die at
24 h after the addition of the nanocapsules (Figure 41D). After 48 and 72 h (Figures 41E
to 41F), cell death increased. In the case of the GAD cross-linked LLN, cell viability
significantly decreased after 24 h of treatment (Figure 41G). At 48 and 72 h (Figures 41H
and 411) the effect persisted and the number of apoptotic cells even rose, which showed
extended formation of large vacuoles, as well as increased cell and nuclear shrinkage,

rounding, and detachment among others.

24 hou

CONTROL

LLN NO GAD

LLN GAD

Figure 41. Confocal fluorescence microscopy of MCF-7 cells in culture: (A-C) control; (D-F) non-

cross-linked LLNCs; (G-1) GAD-cross-linked LLN. Columns: 24 h, 48 h, and 72 h, respectively. >

Apoptotic cells, _>Apoptotic vesicles, ‘ Detached cells.
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DISCUSSION
In the present study, we have developed colloidally stable nanocapsules with an

olive-oil core surrounded by a GAD cross-linked HSA shell. The presence of this shell was
confirmed by Cryo-TEM and zeta potential studies. In vitro release experiments of
encapsulated curcumin showed that the drug:oil relation was key in controlling the drug
release from the nanocapsules, and a higher ratio resulted in a higher percentage of
discharged curcumin with time. The drug released from LLNCs not treated with GAD was
clearly faster than from cross-linked HSA, while an increase in the HSA amount used in
the preparation of the nanocapsule shell appeared to decrease the rate of curcumin
release. A higher protein concentration resulted in a nanocapsule shell with higher
density and thickness, and therefore the amount of HSA could be an effective way to

control the release of curcumin from LLNCs.

The in vitro studies carried out to determine the internalization capacity of three
kinds of LLNCs with different surface coverage (HSA, Poloxamer F127, and a mixture of
Poloxamer F127 and oleic acid, Figure 38), clearly shows a better performance of
protein-covered LLNCs. This difference in internalization among the nanocapsules may
be ascribed to a combination of surface charge and hydrophilicity, which play a major
role in the membrane affinity prior to the endocytosis process.34”3#8 |t has been shown
that greater hydrophilicity decreases particle uptake by macrophages as well as
nonphagocytic Hela cells.3*° This is consistent with our results, since the HSA-covered
particles (H10-C) present a more hydrophobic surface than do the samples with
Poloxamer F127 (namely, PL-C and PLOA-C) and a definitely higher uptake, probably by
avoiding the multi-drug resistance (MDR) efflux mechanism by cell-membrane transport
proteins such as p-glycoprotein (P-gp).3°%3>1 Moreover, as in the case of nab-paclitaxel
(an albumin-bound form of paclitaxel), it may be hypothesized that these albumin-
covered nanocapsules probably utilizes receptor-mediated albumin endocytosis to
internalize cells.3>? Taking into account these different uptake properties attributed to
the particle surface, it is noteworthy to mention the possibility of tailoring NP to either

prevent or encourage membrane penetration.

In our case, upon observing the enhanced performance of albumin-coated

nanocapsules, we continued the study focusing on these systems. The uptake evaluation
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presented in Figure 39 reveals an outstanding performance of both types of LLNCs (with
and without GAD cross-linking) entering the cells massively and efficiently in less than 1
min of exposure, and accumulating in the perinuclear zone. It suggests that the cross-
linking procedure does not influence the (fast) recognition and internalization of the
LLNCs, with cell membranes quickly integrating the nanocapsules into the cytoplasm. As
mentioned earlier, this prominent velocity entering cells should be ascribed to the
albumin molecules attached to the nanocapsule surface and their natural role as
molecular carriers in the mammal bloodstream.3>? Nevertheless, after 3 h of exposure,
LLNCs treated with GAD (Figure 39D) displayed a clear increase in fluorescence intensity
with respect to LLNCs not treated with GAD. To explain this difference at longer
exposure times, we return to the results previously presented for the curcumin-release
profiles of both LLNCs. As stated above, LLNCs cross-linked with GAD showed a slower
discharge of curcumin at 372C (as well as at 49C), suggesting that the protein cross-
linking facilitates the retention of the drug in the nanocapsules or, in other words, they
display a steadier (and more prolonged) release profile. This slower drug discharge,
together with the protection against cytoplasmic digestion afforded by the “hardness”
of the cross-linked protein wall, could be responsible for the observed increase in
fluorescence intensity. These two characteristics showed by GAD cross-linked LLNCs, i.e.
fast internalization and sustained drug delivery, may represent a great advantage in
intracellular uptake and effectiveness compared to other systems that need more time
and concentration to be internalized by the cells while offering similar therapeutic

response.3>3

In the MTT assay, nanocapsules without curcumin displayed no toxicity to MCF-
7 cells even in the case of the GAD-treated ones. Although GAD is strongly toxic to living
organisms, the extremely low concentration used (0.004%), the chemical reaction with
protein amine groups, and the cleaning process performed thereafter, renders
nanocapsules without any appreciable toxicity to cells. In fact, they thrive upon exposure
to the LLNCs. Mahanta et al. have reported that a concentration up to 0.1% GAD does

not affect viability in normal (HaCaT) and MCF-7 cells.3>

The ICso value of curcumin-LLNCs with GAD is similar to the ICsg of free curcumin.

Although the capacity to kill cells decreased slightly in the encapsulated formulation
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with respect to the (DMSO dissolved) free form, the undoubted advantage of
nanocapsules is their ease of dispersion at any concentration in water, and consequently
the safety for being administered intravenously, thus avoiding adverse effects of
excipients such as Cremophor EL®.3%53% |n this way, the encapsulated formulation
would allow the administration of higher amounts of curcumin or other hydrophobic
drugs without additional secondary side effects, facilitating a better therapeutic effect
and the possibility of greater administration frequency, improving the treatment
guidelines. Moreover, as we have previously demonstrated,®’ LLNCs allow high
functionalization for vehiculization of targeting molecules like antibodies and other cell-
surface active compounds. Other authors have also demonstrated the safety and great

utility of these lipid-based nanosystems.3°83%9

Moreover, MCF-7 cells treated with GAD cross-linked LLNCs show the extended
formation of large vacuoles, as well as increased cell and nuclear shrinkage, rounding,
and detachment. These apoptotic morphological changes induced by curcumin have
been previously described for MCF-7 breast-cancer cells3®® which are deficient in the
caspase-activation mechanisms.3%! In accordance with the previously described uptake
assay, this superior performance of GAD cross-linked LLNCs may be ascribed to the more

continuous and sustained release of curcumin displayed by these kinds of nanocapsules.
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BACKGROUND

The development of targeted therapies, especially for cancer, is one of the main
goals of nanomedicine today.3%?73%* Conventional chemotherapy usually prompts
modest tumor response and provokes undesirable side effects due to the nonspecific
action of drugs on proliferating tissues.3®> To avoid these and other disadvantages, drug
nanocarriers should be formulated to deliver the antitumor drug directly to the
cancerous cells. This is a complex interdisciplinary task with too many variables to be
properly 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.??3

Therefore, current formulations based on complex nanostructures such as
polymer conjugates, polymeric micelles, liposomes, carbon nanotubes, or
nanoparticles,?01,3%6-368 myst be superficially modified to provide carriers with
vectorization properties. In recent years, LLNCs have been developed as potential
nanocarriers. The inner hydrophobic domain, encased in a hydrophilic outer shell, has
been used to encapsulate hydrophobic drugs that are protected during their transport
to the target cells.3%° Additionally, the external shell can be physico-chemically modified
by ligands such as antibodies, which can be linked to the surface of the nanocarriers to
deliver the given drug, specifically inside the cells that overexpress the corresponding
antigen receptor. These tailor-made vehicles could improve the effectiveness of the
drug, while minimizing undesirable side effects in healthy cells.1*370 With regard to the
nature of the ligands, monoclonal antibodies have been extensively employed to

371 Some

develop targeted nanocarriers, referred to as immuno-nanocarriers.
advantages of immuno-nanocarriers include the improvement of drug selectivity, high
drug-loading efficiency, minor drug leakage, and protection of drugs from enzymatic
degradation.?”2 The desigh of immuno-nanocapsules requires not only the creation of
well-defined structures, but also the optimization of appropriate antibody-conjugation

chemistry.

Despite recent progress in cancer therapy and increased knowledge of tumor
biology, cancer remains a very common and lethal disease worldwide. Cancer-

associated aggressiveness and mortality is primarily caused by cancer recurrence and
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metastasis. Recent advances in cancer research indicate that this is mainly due to a small
subpopulation of cells known as cancer stem cells (CSCs, or tumor initiating cells), which
possess stem-like functional properties such as self-renewal ability and multipotency,
and have the ability to differentiate into bulk tumor cells. Although current treatments
can reduce size or eliminate the tumor, however, in several cases these effects are
transient and generally do not improve patient survival outcomes. In fact, during
chemotherapy most of the cells of the primary tumor can be destroyed, but if CSCs are
not totally eradicated, they can lead to the reappearance of the tumor in the same organ
or in metastatic sites.3”>37¢ Therapies that specifically target CSCs hold great promise

for improving survival rates and quality of life for cancer patients.

On the other hand, CD44 has attracted considerable attention because of its
important functions in mediating cell-cell and cell-matrix interactions and association
with malignant processes, particularly in cancer dissemination.3’”3® Recent work has
revealed that CD44 is the most common CSC surface marker and plays a pivotal role in
CSCs in communicating with the microenvironment and regulating CSC stemness
properties. Increasing evidence suggests that CD44 is a promising prognostic biomarker
and therapeutic target for many cancers. In fact, it has been demonstrated that
populations enriched in CSCs of prostate cancer, uterine adenocarcinoma and

pancreatic cancer (PC) among others, have a high expression of CD44.37°

Specifically, PC is the 12th most commonly occurring cancer in men and the 11th
most commonly occurring cancer in women. In 2018, there were 460,000 new cases
diagnosed around the world.38 Although there are different types of treatment
available for patients with PC, most patients have no recognizable symptoms, making
early diagnosis difficult, and chemotherapies or radiation therapies often show poor
results.38! The biochemical and physiological characteristics of PC appear to limit the
effectiveness of these standard forms of therapy, mainly due to the highly enriched CSC

subpopulations present in this tumor that explains the resistance to treatments.6¢:382

Starting from our previous works,3*”:38 in the present study we have formulated
and optimized a new immuno-nanosystem by covalent linking of a specific immuno-y-
globulin (IgG) to the surface of olive oil liquid NCs (O?>LNCs). The chemical procedure for

such linkage requires the presence of carboxylic acid functional groups on the solvent-
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exposed face of the NC surface. Among the wide variety of chemical groups described
in the literature for this purpose, carboxylic acids play a leading role in covalently binding
proteins to the surface of colloidal particles. Thus, our group has developed a novel
system in which the NC’s shell was enriched with deoxycholic acid (DCA).3>’ 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,3%* and it increases the efficacy of oral
bioavailability of different nanoparticles that encapsulate drugs.3® In this way, using
DCA-NC with a core constituted of olive oil prepared by a simple process using a solvent-
displacement technique (O?LNC), we achieved the optimal experimental conditions to
covalently link the anti-CD44-FITC clone REA690 onto their carboxylic acid rich surfaces,
by means of a reproducible and simple method based on a carbodiimide catalyst.?3%:383
The antibody is a recombinant humanized IgG1 that specifically recognizes the CD44
antigen overexpressed on the surface of pancreatic CSCs (PCSCs). Subsequently, the
obtained olive oil immuno-NCs (aCD44-02LNC) were physico-chemically characterized,
which included size analysis, gel electrophoresis measurements, electro-kinetic

behavior, and colloidal stability.

Moreover, both bare O2LNC and aCD44-02LNC labeled with a fluorescent
molecule (Nile Red or IR-780 iodide) were evaluated in vitro, analyzing the uptake
efficiency by differentiated pancreatic cancer cells (PCCs) growing in monolayer (low
expression of CD44) and PCSCs (high expression of CD44). In addition, a cytotoxicity
assay (ICso) was performed using aCD44-0?LNC loaded with paclitaxel, a drug used as a
first-line treatment for advanced PC in patients. Finally, we evaluated the
biodistribution and targeting properties of aCD44-0%LNC in a PCSC orthotopic

xenotransplant in vivo model.
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Specific uptake by CD44
positive pancreatic CSCs

IgG-anti-CD44-FITC

In vivo biodistribution and
CSCs pancreatic targeting
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MATERIALS AND METHODS

1. Reagents.

Reagents. Poloxamer 188 (Pluronic F-68), deoxycholic acid (DC), Nile Red (RN),
IR-780 iodide (i780), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(ECDI), B-Mercapto-ethanol, Brilliant Blue R250, Paclitaxel (PTX) with a purity 297.0%
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 laboratories with
activated magnesium silicate (Florisil, Fluka) to eliminate free fatty acids. Epikuron® 145
V, which is a phosphatidylcholine-enriched fraction of soybean lecithin, was supplied by
Cargill (Barcelona, Spain). Human anti-CD44-FITC (aCD44) (clone REA690), anti-CD44-
APC (clone REA690), anti-CXCR4-APC and anti-CXCR4-PE (clone REA649) monoclonal
antibodies were obtained from Miltenyi Biotech (Spain). Their isoelectric point (IEP) was
6.8 + 0.5. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenol tetrazolium bromide (MTT) cell-
proliferation kit was obtained from Promega (U.S.A.), Cell Counting Kit-8 (CCK8) cell-
proliferation assay was purchased from Dojindo (Europe). Water was purified in a Milli-
Q Academic Millipore system. NMR solvents (D20, CDCI3 and CD30D) were purchased
from Eurisotop (France). Other solvents and chemicals used were of the highest grade

commercially available.

2. Cell Lines and Culture Conditions.

293T human kidney cancer cell line (CRL11268) and BxPC-3 human pancreatic
cancer cell line was obtained from American Type Culture Collection (ATCC), and
cultured following ATCC recommendations. 293T cell line was cultured in DMEM
(Biowest) and BxPC-3 pancreatic cancer (PC) cell line was cultured in RPMI-1640 Medium
(RPMI) (Gibco, Grand Island, NY, USA) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS) (Gibco) 1% L-glutamine, 2.7% sodium bicarbonate, 1% Hepes
buffer, and 1% penicillin/streptomycin solution (GPS, Sigma). Both cell lines were grown

at 37 °Cin an atmosphere containing 5% CO2.

Cancer stem-like cells from BxPC3 PC (adenocarcinoma) cell line were isolated
using the methodology previously described by us.52 Briefly, the BxPC-3 cell line was
cultured into Ultra-Low Attachment 6-well plates (Corning) with DMEM-F12 (Sigma-

Aldrich), 1% streptomycin-penicillin (Sigma-Aldrich), 1 mg/mL hydrocortisone (Sigma-
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Aldrich), 4 ng/mL heparin (Sigma-Aldrich), 1X ITS (Gibco); 1X B27 (Gibco), 10 ng/mL EGF
(Sigma-Aldrich), 10 ng/mL FGF (Sigma-Aldrich), 10 ng / mL of IL-6 (Sigma-Aldrich) and 10
ng / mL of HGF (Sigma-Aldrich). To obtain the second generation of PCSCs used in the
experiments, spheres were collected by centrifugation at 1500 rpm for 5 min, incubated
5 min at 37 °C with trypsin-EDTA(Sigma-Aldrich), disaggregated with a 30G needle and
washed with 1X PBS. The cells were seeded again in the same type plates and with the
same medium mentioned above. After three days, the spheres were collected and used

in the different trials.38 All cell cultures tested were negative for mycoplasma infection.

3. Preparation of Olive Oil Lipid Nanocapsules (O2LNC).

O%LNC were prepared by using a modified solvent-displacement technique of
Calvo et al.?®” Briefly, an organic phase composed of 125 uL of olive oil, 10 mg of
deoxycholic acid, 40 mg of Epikuron 145 V dissolved in 1 mL of ethanol, and 9 mL of
acetone was strongly added to 20 mL of an aqueous phase containing 50 mg 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 35 °C, giving a final volume of 16 mL.
In some cases, we dissolved PTX or/and NR or i780 iodide dye in the olive-oil phase in
order to synthesize O’LNC loaded with these compounds inside.3® These different

O%LNCs were used depending on the experiment carried out.

4. HNMR and HRMS Characterization of the Nanocapsules.

NMR spectra were recorded on a Bruker Avance Ill spectrometer (500 MHz for
1H) equipped with a 1.7mm MicroCryoprobe, using external acetone referencing for the
analysis of intact nanocapsules in H0/D;0 or the signal of the residual solvent as
internal reference (6H 7.26 for CDCl;, 6H 3.31 for CD30D) for the analysis of
disintegrated nanocapsules reconstituted in these deuterated organic solvents. For
nanocapsule disintegration, a clean aliquot (80ul) of sample was dissolved in 2-propanol
(2 mL), mixed, sonicated for 20 minutes and split into two further aliquots which were
concentrated to dryness before reconstitution in organic deuterated solvent (ca. 50 pl

of CDCl3 or CD30D) for NMR analyses.
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5. Preparation of Antibody Coated Nanocapsules.

Antibodies were immobilized on the O?LNC surface by an optimized carbodiimide
method previously described,26 which permits an efficient covalent binding of protein
molecules to the carboxylic groups supplied by deoxycholic molecules. The antibody-
coupling protocol was conducted at pH value, depending on the IEP of the IgG, in such
a way that the O?LNCs were first centrifuged in a Vivaspin 20 centrifugal concentrator
MWCO 1000 kDa (Sartorius) at 2500xG for 15 min, replacing the medium with a
phosphate buffer (PB pH 7.4) for aCD44-FITC; in order to eliminate the non-reactive
products coming from the synthesis protocol. Once the centrifugation was finished, 1
mg of a solution in phosphate buffer (pH 7.4) of ECDI at 15 mg/ml was added to the
O%LNC solution having a total particle surface equal to 0.29 m? for the covalent binding
of aCD44-FITC (aCD44). Subsequently, the antibody coverage was performed by adding
aCD44 concentration of 0.18 mg/m?, and then the solution was incubated at room
temperature for 2 h. Finally, the aCD44-0%LNCs were centrifugated in the Vivaspin tubes
with its corresponding buffer to remove any IgG molecules that were not coupled to the

OZ2LNC. The final aCD44-02LNC stock was stored at 4°C for further use.

6. Protein Separation by SDS-PAGE.

In order to verify that the covalence of the antibody was effective, a gel
chromatography test was performed. The immune-nanocapsule complexes were
separated and denatured by boiling 20 pl of each sample for 5 min in the following
buffer: 62.5 mM Tris-HCl (pH 6.8 at 25 °C), 2% (w/v) sodium dodecyl sulfate (SDS), 10%
glycerol, 0.01% (w/v) bromophenol blue, and 40 mM dithiothreitol (DTT). Samples were
then separated by size in porous 12% 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 faded with the same solution lacking the dye.

7. Physico-Chemical Characterization.
The hydrodynamic mean diameter of the NC was determined by photon
correlation spectroscopy (PCS), using a 4700C light-scattering device (Malvern

Instruments, U.K.) and working with a He—Ne laser (10 mW). The light scattered by the
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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
O%LNC by means of the Stokes-Einstein equation. The homogeneity of the size
distribution is expressed as polydispersity index (PDI), which was calculated from the
analysis of the intensity autocorrelation function.3®® Electrophoretic mobility (pe) as a
function of pH was measured after diluting a small volume of the O2LNC 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 pe studies had identical ionic strengths, being equal
to 0.002 M except for measurements with PBS (pH 7,4 and 150mM) and with RPMI
cultured medium supplemented with 10% FBS (pH 7,4 and 150 mM). The pe
measurements were made in triplicate using a nanozeta dynamic light-scattering

analyzer (Zeta-Sizer NanoZ, Malvern Instruments, U.K.).

8. In Vitro Cellular Uptake.

1.5 x 10° cells from both BxPC-3 cells growing in monolayer and BxPC-3 PCSCs
were seeded into Corning® cell culture flasks (VWR, Spain) and into Ultra-Low
Attachment 6-well plates (Corning, Spain) respectively. In this study, O?LNCs were
formulated by adding NR into the olive oil at a concentration of 0.025% (w/w).
Subsequently, the same protocol described above was used to coat the O2LNC surface
by our antibody. The membrane binding and cell internalization of both labeled naked
NR-O%LNC and NR-aCD44-0?LNC were examined by laser-scanning confocal microscopy.
Briefly, the two types of cell populations (3x103/well) were seeded in Slide 8-Well
chambers (ibiTreat, IBIDI) with RPMI medium and F12 spheres medium supplemented
as described above, for the differentiated PCCs and the PCSCs respectively. After 24 h,
4.4x10* of NR-O?LNC and NR-aCD44-0%LNC were added to the cells. The images were
taken after 3 hours of incubation. Imaging experiments were conducted with a Zeiss LSM
710 laser-scanning microscope using the tissue culture chamber (5% CO,, 37°C) with a
Plan-Apochromat 63x/1.40 Oil DIC m27. Images were processed with Zen Lite 2012

software.

Additionally, to quantitatively analyze the uptake of the O2LNCin the two PC cell
populations, a flow cytometry assay was performed. Once the different cell populations

were obtained, these were washed and centrifuged at 1500 rpm for 5 min in tubes and
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resuspended in a 1% BSA (Bovine Serum Albumin) solution to block the possible non-
specific binding of antibodies Next, 1x10° cells per sample were incubated with 4.4x10*!
NR-O?LNC and NR-aCD44-O?LNC. The incubation times of the cells with the O2LNC were
15, 30 and 60 min. Then, the cells were washed with 1X PBS and centrifuged at 1500 x
G for 5 min twice to remove the non-internalized NCs. Finally, the cells were
resuspended in 300 pl of 1X PBS and analyzed for red and green fluorescence by flow
cytometry (FACS CANTO Il (BD Biosciences)) using the FACS DIVA software. Moreover,
we performed a characterization of BxPC-3 PCCs and BxPC-3 PCSCs in order to
corroborate their stemness properties. Briefly, cell surface marker levels of BxPC-3 PCSC
were determined with human antibodies anti CD44-FITC and anti CXCR4-APC; and
ALDEFLUOR assay (Stem Cell Technologies) to detect ALDH1 enzyme activity was
performed to complete the characterization. Samples were measured and analyzed by
flow cytometry on a FACS CANTO Il (BD Biosciences). All experiments were performed
in triplicate and replicated at least twice. Sterility evaluations of all nanosystems were
performed prior to develop O2LNC uptake studies in order to exclude possible biological

contamination. Cells treated with naked O2LNC were used as controls.

9. Encapsulation Efficiency, Drug loading and Retention Time of O2LNC-PTX.

In order to know if our O’LNCs are a good drug vehicle nanosystem, two
parameters were calculated, such as drug loading (DL) (1) and encapsulation efficiency
(EE) (2). Then, a defined amount of PTX was dissolved in the olive oil and the synthesis
of the O’LNC was performed. Briefly, PTX was dissolved in olive oil at different
concentrations and EE, as well as the permanence over time within the oil core of the
O%LNC, was calculated. After the synthesis and the covalence protocol, O?LNC, O%LNC-
PTX and aCD44-0%LNC-PTX were stored at 4°C and aliquots were collected at different
times (0, 1, 2, 3 and 4 weeks). These aliquots were centrifuged in Vivaspin 20® tubes
with a pore size of 300 KDa at 2500xG for 15 minutes. Then, each aliquot was dissolved
in 2-propanol, mixed by vortex and sonicated for 30 mins and centrifuged at 14000 rpm
for 20 minutes. The supernatant was collected and analyzed by MS with a mobile phase

of acetonitrile-water.

169



CHAPTER 3. MATERIALS AND METHODS

Drug encapsulated (g)
%DL =

x 10001
Total Nanocapsule weig ht(g) O

Drug encapsulated (g)

%EE = x 100(2)

Theoretical drug (g)

10. In Vitro Antitumor Performance.

The effect of PTX-loaded O?LNC on cell viability was assessed using the MTT or
CCK8 kit assay, depending on the cell population. In the case of differentiated BxPC-3
PCCs, cells were seeded into culture flasks with 15 ml RPMI supplemented 10% of FBS.
When confluence was optimal (80%), cells were detached with trypsin/EDTA and seeded
into 96-well plates at a concentration of 3000 cells per well. The cells were then treated
with O?LNC-PTX, aCD44-0%LNC-PTX and free PTX for three days. Free PTX was dissolved
in DMSO, and PTX-loaded O’LNCs were diluted in RPMI medium. The cytotoxicity
evaluation was performed by MTT assay according to the protocol. Briefly, the MTT
solution was prepared at 5 mg/ml in 1X PBS and then diluted to 0.5 mg/ml in MEM
without phenol red. The sample solution in the wells was removed and 100 ul of MTT
dye was added to each well. Plates were shaken and incubated for 3 h at 37-C. The
supernatant was removed and 100 ul of pure DMSO was added. The plates were gently
shaken to solubilize the formazan that was formed. The absorbance was measured using
a plate reader at a wavelength of 570 nm. In the case of BxPC-3 PCSCs, cells were seeded
into Ultra-Low Attachment 96-well plates at a concentration of 5000 cells per well. After
3 days, cells were treated with free PTX, O?LNC-PTX and aCD44-O%LNC-PTX and the
culture medium used was F12 supplemented as described above. The toxicity evaluation
was performed by CCK8 assay according to the protocol. Briefly, 15 ul of the CCK 8 kit
was added to each well. Plates were shaken and incubated for 3 h at 37°C. The
absorbance was measured using a plate reader at a wavelength of 492 nm. The
inhibitory concentration 50 (ICso) values were calculated from dose-response curves by
linear interpolation. All of the experiments, plated in triplicate wells, were carried out at

least three times.
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11. Dual GFP-NanoLuc LVs Production.

The SELWP is a self-inactivated (SIN) LV expressing GFP-2A-NanolLuc under the
control of an internal spleen focus-forming virus (SFFV) promoter. SELWP was generated
previously (Tristdan-Manzano et al, unpublished) based on the SEWP LV.3% LV particles
were generated by transient co-transfection of 293T cells using eGFP-NanoLuc vector
plasmid together with the packaging plasmid pCMVDR8.91
(http://www.addgene.org/Didier_Trono) and the p-MD-G plasmid encoding the
vesicular stomatitis virus (VSV-G) envelope gene
(http://www.addgene.org/Didier_Trono). Vector production was performed as
previously described.?*° Briefly, 293 T cells were planted on petri-dishes (Sarsted,
Newton, NC), in order to unsure 80% of confluence for transfection. The vectors, the
packaging and envelope plasmid (in proportion 3-2-1) were resuspended in 45 ul of
LipoD293 (SignaGen, Gainthersburg, MD, USA). The plasmid-LipoD293 mixture was
added to pre-washed cells and incubated for 6-8 h. After 48 hours viral supernatants
were collected, filtered through 0.45 um filter (Nalgen, Rochester, NY), aliquoted, and
storage at -809C. Viral titers were determined by transducing 293T cells with different
volumes of supernatant. The percentage of eGFP* cells was determined by flow
cytometry 72h later and transducing units per ml (TU/ml) were estimated according to

the formula: [(105plated cells x% GFP* cells) x1000]/ul of LVs.

12. BxPC-3 Cells Transduction.

100 000 BxPC-3 PCCs were seeded in a 24-well plate and incubated with SELWP
LV supernatant at a Multiplicity of Infection (MOI) of 3 during 5h at 372C and 5%CO,.
eGFP expression was determined by flow cytometry (FACS Canto Il, Becton Dickinson,
New Jersey, US) at 72h after transduction. Additionally, cells were stained with anti-

CD44-APC and CXCR4-PE for 20 min at room temperature.

13. In vivo Assay for Targeted PCSCs.

All in vivo experiments were performed in male NOD scid gamma mice (NSG,
NOD. Cg-Prkdcscid 12rgtm1Wjl/SzJ). Animal welfare and experimental procedures were
carried out in accordance with institutional (Research Ethics Committee of the
University of Granada, Spain) and international standards (European Communities

Council directive 86/609). All animals (n= 5 per group) were maintained in a micro-
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ventilated cage system with a 12h light/dark cycle, and they were manipulated in a
laminar air-flow cabinet to keep to the specific pathogen-free conditions. To establish
orthotopic xenograft tumors, six- to eight-week old male mice were used. Mice were
anesthetized by intraperitoneal administration of ketamine (4 mg/kg) and midazolam
(80 mg/kg), we performed a medial laparotomy from the xiphoid appendix to the lower
left third of the abdomen. The retrogastric space was accessed and the tumors were
generated into the tail of the pancreas by injections of 2x10° BxPC-3-SELWP
PCSCs/mouse mixed with Corning ®Matrigel® Matrix and using 26-gauge needles. Then,
the mice were sewn with 5/0 thread and administered analgesics and antibiotics. Once
the generated tumor had a size of around 0.5 cm?3, intravenous administration in the
vein tail of the mice of 100ul of PBS, O?LNC-i780 and aCD44-0%LNC-i780 was performed
in a single dose and then the mice were evaluated by IVIS® (Perkin Elmer). The mice
were left for a week in order to eliminate the O2LNCs that were not specifically bound
to the tumor tissue. During that week, the bioluminescence with a previous
intraperitoneal administration of NanoGlo substrate (Promega) in PBS and the
fluorescence of the mice was analyzed in the IVIS® on three alternate days. Finally, mice
were euthanized by cervical dislocation and tumors and organs were excised,

photographed and analyzed by IVIS®.

14. Statistical analysis

The data are presented as the mean % the standard deviation in the error bars.
The sample size (n) indicates the experimental repeats of a single representative
experiment, with 3 being unless otherwise specified. The results of the experiments
were validated by independent repetitions. Graphs and statistical difference data were
made with GraphPad Prism 6.0 (Graphpad software Inc.). Statistical significance was
determined using Student's t-test in paired groups of samples with known median A p-

value of £0.01 was considered significant.
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RESULTS

1. Preparation and Physico-Chemical Characterization of Nanocapsules and Immuno-
Nanocapsules.
1.1. Preparation of Nanocapsules.

O%LNC were prepared by using a modified protocol based on the solvent-
displacement technique reported by Calvo et al.3®” Briefly, it consists of the formation
of a nanoemulsion by incorporating, with a high mechanical force, an organic phase into
an aqueous phase under stirring. This produces a nanoemulsion of a certain size due to

the addition of a defined amount of olive oil to the organic phase (Figure 42).

. Mixture of organic and
Organic Phase aqueous phise and Aqueous Phase

evaporation under vacuum

Olive oil and NR or i780 or PTX, Pluronic F68 in water
phospholipids (Epikuron 145V) and
deoxycholic acid in acetone and ethanol

C(Sb Deoxycholic acid
r\_\{i Pluronic F68

@~ Epikuron 145V

13
o{ ? ECDI | 30 Min
2 Hours under
stirring

uCD44-FITC

Figure 42: Scheme of synthesis and functionalization of O2LNC and aCD44-0%LNC.

1.2. Particle Size and Stability Over Time.
The synthesis method produced a homogeneous population of O2LNC with an
average diameter of around 111 + 18 nm and a polydispersity index (PDI) of around 0.10

+ 0.02. Additionally, it is important to remark that the size reduction does not affect the
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colloidal stability of the sample and the O%LNC size remained at a constant value under
storage conditions, i.e. pure water or phosphate buffer (PB) and 4 °C for at least 4
months. Each week for at least 4 months, the size and PDI of the same O2LNC samples

were analyzed, obtaining a similar size to those taken after synthesis (data not shown).

1.3 Chemical Characterization of O2LNC by Nuclear Magnetic Resonance Spectroscopy.

Various Nuclear Magnetic Resonance (NMR) spectroscopy experiments were
performed in order to verify that all the components used in the synthesis of the O2LNC
were integrated in the nanocapsule entities comprising the colloidal nanoemulsion
solution. Before analysis, O?LNC was further cleaned by centrifugation in Vivaspin 20®
tubes with a pore size membrane of 300 KDa to ensure an essentially complete
elimination of the organic solvents (ethanol and acetone) employed in their synthesis.
The 1H NMR spectrum of intact O’LNC (see Annexes, S.l. Chapter 3. Figure S9 and S10),
diluted to a final 13 % content of D20, is clearly dominated by the signals of the olive oil
core of the O2LNC, as can clearly be seen by direct comparison with the NMR spectrum
of olive oil in CDCl; (see Annexes, S.I. Chapter 1. Figure S11). The observation of olive
oil signals NMR in an aqueous sample provides, by itself, direct evidence of the
naonoemulsion nature of the sample since olive oil is completely immiscible with water.
On the other hand, the linewidth of the observed olive oil signals in the O2LNC sample is
much broader than the linewidth of olive oil signals in CDCls. This feature is partially the
consequence of the higher viscosity of the nanoemulsion but, more importantly, is the
result of a reduced transverse relaxation time (T2) product of a much slower tumbling
rate of the triglyceride molecules of olive oil, when confined in the nanoparticle core,

compared to the tumbling of the same molecules when freely dissolved in CDCl3.3%?

Additionally, and as final evidence, qualitative diffusion NMR experiments
proved that the olive oil signals do not diffuse at the expected rate for free triglyceride
molecules in solution but rather at a very slow rate, only compatible with a nanometer-
size entity®°! (see Annexes, S.l. Chapter 1. Figure S12). Once again this is a consequence
of the confinement of olive oil in the core of the O?LNC. Regarding the other chemical
constituents of the O2LNC, only the signals from the surfactant Pluronic F-68 could be
observed in the 1H NMR spectrum of intact O’LNC (see Annexes, S.l. Chapter 1. Figure

$12), while no signals related to Epikuron or deoxycholic acid are detected in the
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spectrum. These three components (surfactant, phospholipid and deoxycholic acid)
comprise the shell of the O?LNC and as such conform to a rather rigid supramolecular
structure expected to display a very short T2 broadening the corresponding NMR signals
beyond detection. The fact that the signals of the oligomeric surfactant Pluronic F-68
can still be observed is a consequence of the inherent flexibility of the part of these

molecules not rigidly embedded in the O2LNC shell but rather exposed to the bulk water.

To further demonstrate the chemical nature of the components integrated in the
O%LNC, these were disintegrated by dilution with isopropanol and sonication. After the
disintegration of the O?LNC, the sample was split into two aliquots which were
concentrated to dryness and resuspended, one in CDCls and the other in CD30D for 1H
NMR analyses. Comparison with the corresponding reference spectra of olive ail,
Pluronic F-68, Epikuron and deoxycholic acid acquired in these two solvents
unambiguously demonstrated the presence of these components in the original O2LNC

sample (see Annexes, S.l. Chapter 1. Figure $13-23).

1.4. Synthesis of the Olive Oil Immuno-Nanocapsules.

In order to produce the immuno-NCs, a defined amount of anti-CD44-FITC
(aCD44) antibody equal to 0.18 mg/m2 was initially incubated with the O?LNC. This
amount of antibody, corresponding to a low coverage degree, was used due to the
limited protein concentration commercially available. The covalent coupling was
developed by means of the ECDI procedure, described in detail in the experimental
section. Figure 43A shows a schematic representation of the coupling process to
produce the immuno-O?LNC after incubation time, the aCD44-O%LNC complex was
separated from unbound protein by a dialysis procedure. The size of the formulation
(aCD44-0%LNC) with the initial theoretical antibody coverage (low) at pH7.4 and low-
ionic-strength medium remained similar to those of the original O?LNC-systems. A
protein quantification analysis of the dialysis elution volumes did not detect any
presence of antibody molecules, which means a total coupling of the initial antibody
amount. The presence of 1gG on the aCD44-0OLNC surface was estimated by SDS gel
chromatography under reducing conditions that confirmed the immobilization of the

antibody on the O2LNC surface. As shown in Figure 43A, the intensity of the band
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corresponding to aCD44-0%LNC (lane 2) was similar to that of a free aCD44 antibody

(lane 1).
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Figure 43: Physico-chemical characterization of O’LNC and aCD44-02LNC. A) SDS-PAGE of
aCD44 (lane 1), aCD44-0%LNC (lane 2) and bare O%LNC (lane 3). B) Electrophoretic mobility and
Z potential of O2LNC and aCD44-02LNC in a pH range from 4 to 9. C) Electrophoretic mobility
and Z potential of O2LNC and aCD44-0%LNC incubated in phosphate buffer at pH 7.4 (PB),
phosphate buffered saline (PBS) and RPMI culture medium supplemented with 10% Fetal

Bovine Serum (FBS).

1.5. Electrophoretic Mobility
Electrophoretic mobility, L, is an experimental parameter directly related to the
zeta potential in the shear plane of the particles and it is normally used to obtain

information concerning the surface electrical state of colloidal systems.?°%3% . was
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determined in low-ionic-strength media at different pH values from 4.0 to 9.0 (Figure
43B). Nevertheless, the most important aspects of the pe results are related to the
presence of IgG molecules immobilized onto the aCD44-O?LNC surface, which
significantly alter the mobility data and indicate a clear correspondence with the
adhered antibody and its isoelectric point3°* (IEP) (Figure 43B). The Z potential of the
O%LNC and aCD44-0%LNC measured at pH 7.4 was around -50 and -35 mV respectively
(Figure 43B). This fact demonstrates that the covalent binding of the aCD44 antibody
was carried out satisfactorily and positive antibody molecules at acid pH partially screen
the negative surface charge of the O2LNC, reducing the absolute Z potential values under

the IEP of protein.

On the other hand, colloidal stability of delivery nanosystems in physiological
media is crucial to successfully achieve their biological applications. As can be observed
in Figure 43B, O’LNC and aCD44-0?LNC have electrokinetic behavior in mediums with
low ionic strength, from neutral to basic pH, without variations in the negative surface
charge. Thus, the size for both O?LNC and aCD44-O?LNC nanosystems remained

constant throughout this pH range.

Table 4: Size and PDI of O’LNC and aCD44-02LNC incubated with different mediums.

aCD44- ) aCD44-
O?LNC- gflg:é' O’LNC-  O’LNC- OFL]?SC' O?LNC-
PB i PBS PBS FBS
PB
Size (nm) 11020 11020 110£20 11020 120+10 110+20

PDI 0.10+£0.02  0.09+0.01  0.15+0.01 0.16+0.01  0.19+0.04 0.25%0.01

Additionally, the colloidal stability was checked in mediums for physiological
conditions. Therefore, electrokinetic parameters, hydrodynamic size, and PDI, were
measured for O2LNCand aCD44-O?LNC by incubating them in physiological medium
(PBS) and in cell culture medium (FBS) (RPMI supplemented with 10% FBS). When both
nanosystems were in contact with PBS and FBS, the Z potential decreased their negative

absolute values (Figure 43C) as a consequence of the salinity of the medium (150 mM),
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which could mean the aggregation of the NCs. However, as can be seen in Table 4,
neither NCs did change their sizes and both remained stable in these media.

Furthermore, both NC systems also keep a narrow size distribution (PDI < 0.2).

2. In vitro Cellular Uptake of Immuno-Nanocapsules.

The cellular uptake of both O?LNCs and aCD44-0?LNCs was investigated on BxPC-
3 PCCs growing in monolayer (low expression of CD44) and on BxPC-3 PCSCs secondary
spheres (high expression of CD44) by both confocal microscopy and flow cytometry.
O%LNCs were labeled with Nile Red (NR) to investigate the cellular entry of our
nanosystems. First, we performed a characterization of the expression levels of CD44
and CXCR4 markers in our tumor cell line ((monolayer and PCSCs) (Figure 44A)) as well
as the determination of the ALDH1 enzymatic activity. The expression percentages
obtained were 6,6%, 16,7% and 68,7% in monolayer and 50,3%, 97,8% and 86,4% in
secondary spheres for ALDH1, CD44 and CXCR4 respectively (Figures 44B and 44C).

Monolayer C Secondary spheres

Monolayer Secondary spheres

* %k

120 ,

SALDH

=CDh44
90
" CXCR4

60

86.4%
30

Monolayer Secondary spheres

Figure 44: Characterization of BxPC-3 PCCs and PCSCs. A) Representative images of BxPC-3
PCCs (monolayer) and BxPC-3 PCSCs (secondary spheres). B) ALDH1 activity, CD44 and CXCR4

surface expression in monolayer and secondary spheres cell cultures. Data are graphed as
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mean + SEM and the significant values are calculated using t-test. (*p<0.01; **p<0.001). C)
Representative DOT PLOTS of BxPC-3 PCCs and PCSCs analysed by flow cytometry.

In addition, a flow cytometry assay was performed to quantitatively evaluate the
uptake of our O?LNC-based nanosystems in the two BxPC-3 PC cell populations. The
analysis showed the differential uptake efficiency for NR-O%LNCs in monolayer BxPC-3
PCCs and BxPC-3 PCSCs subpopulation depending on whether they were functionalized
or not with the aCD44 antibody. Moreover, since there were differences in the
expression levels of CD44 membrane receptor for both PC cell populations we also found
a different behavior for each type of nanosystem. Thus, only around 17% of PCCs
growing in monolayer were positive for CD44, and almost all the PCSCs (about 98%)
overexpressed this specific surface antigen (Figure 44C). However, most bare NR-
O%LNCs entered into both monolayer PCCs and PCSCs regardless of their CD44
expression level (Figure 45A and 45B). In contrast, for NR-aCD44-0%LNCs the entry was
dependent on the CD44 expression in the membrane of the PC cells, with uptake values
in PCSCs around 80%, 86% and 85% at 15, 30 and 60 min respectively and only around

5% in PCCs growing in monolayer (Figure 45A and 45B).
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Figure 45: In vitro uptake of O’LNCs and aCD44-0’LNCs in BXxPC-3 PCCs and PCSCs by flow
cytometry. A) Uptake of NR-O?LNCs and NR-aCD44-0%LNCs in BxPC-3 PCCs and BxPC-3 PCSCs

analyzed by flow cytometry. Data are mean values £ SEM. *** p < 0.001 shows the significant
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values calculated using t-test. B) Representative DOT PLOTS of NR-O?LNCs and NR-aCD44-
O%LNCs uptake in BxPC-3 PCCs and BxPC-3 PCSCs at 30 minutes analyzed by flow cytometry.

Confocal microscopy images show how NR-O2LNCs enter into both types of cell
populations after 3 hours of accumulating NR in the cytoplasm (Figure 46). In the case
of NR-aCD44-0%LNCs, where CD44 was labeled with FITC, we observed the specific
recognition of CD44 membrane receptors by these NCs and the release into the cells of
NR after 3 hours of incubation (Figure 46). We incubated the cells with our O2LNC-based
nanosystems for 3 hours, because it was the optimal time to visualize the fluorescence

by confocal microscopy.
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Figure 46: In vitro uptake of O’LNCs and aCD44-0%LNCs in BxPC-3 PCCs and PCSCs by confocal

microscopy. A-B) Confocal microscopy of BxPC-3 PCCs (monolayer) and BxPC-3 PCSCs
(secondary spheres) respectively (scale bar =10um) incubated 3 hours with NR-O2LNCs and NR-

aCD44-0%LNCs respectively. Bare O’LNCs were used as control.

3. Drug loading and encapsulation efficiency

Drug loading (DL) and encapsulation efficiency (EE) were calculated to know
whether O2LNCs are good drug delivery vehicle nanosystems. In order to quantify these
parameters, a defined amount of paclitaxel (PTX) was dissolved in the olive oil and the
synthesis of the O?LNC-PTX and aCD44-O?LNC-PTX was performed. Then, the real
amount of PTX inside the NCs measured by MS showed that our NCs had 2.2% of DL and
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81.1% of EE. In addition, a 4-week test was conducted to observe the amount of PTX
remaining within our O2LNCs before and after they undergo the covalence process with
the aCD44 antibody (details in the methodology section). In this way, at time 0 the real
amount of PTX within the O?LNC oily core was around 80% and after the covalence
process this amount was reduced to around 40% (Figure 47).This decrease is due to the
loss of PTX during the stirring of the covalence protocol and in the number of O2LNCs
during the dialysis process by centrifugation in Vivaspin 20 tubes. It should be noted that
as the weeks progress, the amount of PTX in both types of O?LNC remains practically

constant, with a difference of 10% between week 0 and week 4 (Figure 47).

I O°LNC-PTX
100 - I «CD44-O’LNC-PTX

Paclitaxel (%)

Weeks

Figure 47: Graphical representation of the amount of paclitaxel (%) remained within O?LNC-

PTX and aCD44-0%LNC-PTX during 4 weeks.

4. In vitro antitumor cytotoxicity of paclitaxel-loaded O’LNC and aCD44-O%LNC.

A cell viability assay was assessed to check the improvement of the antitumor
activity of PTX by our functionalized O%2LNCs against differentiated PCCs and PCSCs. This
test was performed comparing the effects of free PTX, O?LNC-PTX or aCD44-0%LNC-PTX.
Results showed that free PTX displayed significant differential antitumor potency
depending on the PC cell population (Figure 48A and 48B). Thus, in BxPC-3 adherent
PCCs the ICso of free PTX was 1.7 nM; however, in BxPC-3 PCSCs the ICso value was 133.4
nM (Figure 48A). Moreover, we observed that in monolayer BxPC-3 PCCs, neither

O?LNC-PTX nor aCD44-0O?LNC-PTX improved their antitumor effect but instead increased
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their ICsg slightly (Figure 48A). In contrast, although the O?LNC-PTX in the population of
PCSCs very slightly reduced the ICso value to 113.8 nM; however, aCD44-O?LNC-PTXs
were able to reduce the ICso down to 34.2 nM (Figure 48A). The increased potency of up
to 4 times of aCD44-0%LNC-PTX on PCSCs in comparison to free PTX, and up to 3.3 times
with respect to O’LNC-PTX, indicate the targeted activity against PCSCs overexpressing
CD44, which facilitates the internalizing, favoring the bioavailability and cytotoxic effect
of PTX. Additionally, in Figure 48C we can see the cytotoxic effect of free PTX, O’LNC-
PTX and aCD44-0%LNC-PTX in monolayer BxPC-3 PCCs and in secondary sphere BxPC-3
PCSCs.
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Figure 48: Cytotoxic effect of free PTX, O2LNC-PTX and aCD44-0%LNC-PTX on BxPC-3 PCCs and
PCSCs. A) Half maximal inhibitory concentration (ICso) values of free PTX, O2LNC-PTX and
aCD44-0%LNC-PTX on BxPC-3 PCCs and PCSCs. B) Graphical representation of ICso of free PTX,
O?LNC-PTX and aCD44-02LNC-PTX on BxPC-3 PCCs and PCSCs. C) Representative images of the
cytotoxic effect of free PTX, O?LNC-PTX and aCD44-0?LNC-PTX on BxPC-3 monolayer PCCs and

PCSCs taken by optical microscopy.
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5. Luminescence Stable modification of BxPC-3 cancer cells for in vivo monitoring of
aCD44-0%LNC-targeted efficacy.

There is a need to create clinically relevant models for studying treatments
directed against PC in established human PC orthotopic xenografts by the visualization
of tumor growth in early stages and tracking tumor behavior and progression Thus, our
aim was to generate a stable cell model that would allow monitoring pancreatic tumor
growth in vivo and the characterization of potential phenotypic changes on the tumor
cells. We produced lentiviral vector (LV) particles using the SELWPLV (Tristan-Manzano
et al, unpublished) that allow both in vitro and in vivo monitoring of transduced cells by
flow cytometry (eGFP) and bioluminescence imaging (NanolLuc) respectively (Figure
49A). BxPC-3 PCCs were transduced with SEWLP LVs at a multiplicity of infection (MOI)
of 3, to generate BxPC-3-SELWP cell lines expressing both eGFP and Nanoluc.
Inoculation of BxPC-3-SELWP in the left flank of immune-deficient NSG mice allowed the
in vivo monitoring of tumor growth (Figure 49 B-D). We observed increased
bioluminescence along time that correlates with tumor size by tumor palpation (data
not shown). The analysis of BxPC3-SELWP cells after disaggregation of the tumors
generated in the transplanted mice showing stable eGFP expression (Figure 49E and
49F), allowing the study of potential changes in the BxPC-3-SELWP phenotype after
tumor generation. Interestingly, the expression of eGFP and NanoLuc in BxPC-3-SELWP
cells did not significantly alter the expression pattern of both CD44 and CXCR4 PCSC

markers (Figure 49G).
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Figure 49: BxPC-3 cells efficiently transduced with SELWP constitute a valid model for
monitoring tumor growth in vitro and in vivo. A) Representation of the SELWP LV encoding
enhanced GFP and NanoLuc under SFFV promoter in a self-inactivated LV backbone. B) Scheme
showing the procedure to generate BxPC-3-eGFP*/NanoLuc" cells (BxPC-3-SELWP). C) Scheme
indicating the injection site of BxPC-3-WT and BxPC-3-SELWP to monitor tumor growth. 300
000 cells in PBS were mixed with Matrigel (proportion 1:1) and inoculated in the left (BxPC-3-
WT) and right (BxPC-3-SELWP) flank of 16-week-old NSG mice. D) Representative images of
IVIS bioluminescence acquired at days 7 and 35 post-inoculation after the administration of
NanoGlo substrate intraperitoneally. E) Total photon flux analysis along time. F)
Representative plots showing eGFP expression in BxPC-3-WT (left plots) and BxPC-3-SELWP
cells (right plots), before (top plots) and after (bottom plots) transplantation into mice for
tumor generation. G) Graph showing percentage (top) and relative expression levels (bottom)
of eGFP* before (In vitro) and after (Post-tumor) transplantation into mice. Relative expression
was calculated as the Median of FITC intensity of transduced eGFP* cells / Median of FITC
intensity of non-transduced population. No significant P value, Paired T-test, two tails. H)
Representative plots (right) and graph showing the percentage of CD44*CXCR4* BxPC-3 cells
isolated from WT and SELWP tumors (N=3). CD44 and CXCR4 expression was determined by

flow cytometry 7 days after sacrifice. No significant P value, Paired T-test, two tails.
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6. In vivo biodistribution and targeting assay.

In order to verify that our functionalized aCD44-0O%’LNCs were specifically
directed to the tumor area, an in vivo assay was performed. In this experiment, an
orthotopic xenotransplant was performed in the pancreas of the mice and the tumor
was generated as described64 but with a modification in the protocol by implanting
PCSCs instead of patient tumor samples. BxPC-3 PCSCs transduced with the SELWP LVs
were used to generate the tumor and the aCD44-0%LNCs were loaded with IR 780-iodide
dye dissolved in the oily core. We choose this dye because it emits in the near infrared
and can be easily detected by the in vivo imaging systems (IVIS®), also avoiding
background noise caused by the mouse's own auto-florescence.?®> When tumors
reached a size of 0.5 cm3 100 pl of O’LNC-i780 and aCD44-O%LNC-i780 were
administered in the tail vein of the mice in a single dose. After one week, the mice were
analyzed, euthanized and the tumors were removed as well as all the organs. As shown
in Figure 50A, 2x10° BxPC-3-SELWP PCSCs were able to engraft in the pancreases of mice
only two weeks after inoculation and the growth was easily monitored by

bioluminescence (Figure 50B).

In addition, we were able to detect micrometastatic sites in organs close to the
pancreas, such as stomach, kidneys or spleen among others (Figure 51, top panel). An
additional advantage of our dual vector is that the targeting properties of O2LNC-i780
and aCD44-0%LNC-i780 were also visualized by fluorescence in the same mice. As can be
observed in Figure 50C, O2LNC-i780 were distributed evenly throughout the mice one-
week post-inoculation. On the contrary, although the aCD44-0%LNC-i780 also showed a
diffuse distribution in the mice, however, they were strongly accumulated in the tumor
area (Figure 50C). This fact was confirmed in the excised PCSC tumors in concordance
with the signal intensity emitted by eGFP in the tumors. (Figure 50B and 50C, down
panel) as well as in the organs excised from the mice (Figure 51). For all this, here we
show an enhanced targeting ability of our olive oil-based nanosystem on a PCSC

orthotopic xenotransplant in vivo model.
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Figure 50: In vivo assay of O’LNC-i780 and aCD44-0%LNC-i780 targeting tumor. A)
Representative images of the orthotopic xenograft pancreatic tumor generation inoculating
the cells (left image) and once the tumor was generated (right image); and excised tumor ex

vivo (bottom image). B) Representatives images of mice (top image) and tumors (bottom
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image) with Nano-Luc measured by bioluminescence. C) Representatives images of mice and

tumors treated with PBS, O2LNC-i780 and aCD44-0?LNC-i780 measured by fluorescence.
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PANCREAS/TUMOR GONADES

LARGE INTESTINE
SMALL INTESTINE

Figure 51: Representative images of the mice organs after treatment with PBS, O’LNC-i780

and aCD44-0%LNC-i780 measured by both bioluminescence and by fluorescence.
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DISCUSION

In the present study, we have developed colloidally stable olive oil immune-
nanocapsules (aCD44-0%LNCs) for targeting PCSCs. The size of nanosystem was lower
than those previously reported using a similar technique and similar shell
components.®’ The size reduction is related to the increase of the mechanical energy
applied when organic and aqueous phases are mixed. The use of high-speed
homogenization to produce small particle sizes has already been reported.3%
Furthermore, the diameter of O?LNC is optimal for in vivo applications where the size
and size distribution is a decisive variable in ensuring adequate biodistribution by

crossing biological barriers and minimizing the macrophage uptake.3%’

After obtaining the oCD44-O?LNC-based nanosystem, no aggregation was
observed during the experimental period, in spite of the well-established idea about the
immobilization of antibody molecules on the surface of nanoparticles that strongly
alters their surface properties, notably affecting the colloidal stability of the
nanosystem. Although the surface antibody layers drive a change in the physico-
chemical properties of the O’LCN’s original surface, the low coverage degree and the
optimization of the medium conditions throughout the coupling process prevent O?LCN
aggregation.3>73% The aCD44-0?LNC complex was separated from unbound protein by
a dialysis procedure, which is normally used when working with nanoemulsions and soft-
particle systems,3?° and has previously shown their efficacy working with the same type
of nanocapsules.?®® Gel electrophoresis shows 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 ~25 kDa (for the Fab moieties). In
previous studies carried out in our research group with similar type of NCs, the coupling-
efficiency reached values of around 50-70% for the initial theoretical coverage of 2.5
mg/mZ2.3>7 Moreover, Goldstein, D. et al. showed low coupling efficiency when working
with monoclonal antibodies and Fab’ fragment on functionalized NCs as a consequence
of the presence of PEG chains on the surface.3® It is amply documented how the
presence of PEO layers is frequently employed to reduce protein binding,%°%4%1 and the
effect on the protein adsorption processes is clearly reflected by a reduction in the

amount of adsorbed proteins mediated by the presence of surface poloxamer
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molecules.**> Nonetheless, we have optimized the methodology and have achieved a
coupling of almost 100% of the antibody molecules to the surface of the O2LNC using a

very low protein coverage (0.18 mg/m2) rendering a stable nanoemulsion.

Electrophoretic mobility, e, is an experimental parameter directly related to the
zeta potential in the shear plane of the particles and it is normally used to obtain
information concerning the surface electrical state of colloidal systems.39%3%3 Thus, the
pe data reflects the composition of the O2LNC surface and is influenced by both the pH
and the ionic strength of the dispersion medium. Usually, when colloidal particles are
coated by protein molecules, the pe values change markedly compared to the same bare
surfaces. In terms of the electrokinetic behavior of bare O2LNC, the pe results were in
agreement with the nature of the shell of these NCs in which carboxylic groups
predominate on the surface, showing the typical behavior of colloids with weak acid
groups, that is, constant pe values at basic and neutral pH values that begin to fall to
acidic pH around the pKa (4.8).3°® 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.3?>4%% Qur results demonstrate that the covalent
binding of the aCD44 antibody was carried out satisfactorily and positive antibody
molecules at acid pH partially screen the negative surface charge of the O?LNC, reducing

the absolute Z potential values under the IEP of protein.

On the other hand, colloidal stability of delivery nanosystems in physiological
media is crucial to successfully achieve their biological applications. Our NCs have
electrokinetic behavior in mediums with low ionic strength, from neutral to basic pH,
without variations in the negative surface charge, which can be correlated to stable
nanosystems due to an electrostatic repulsion mechanism.%%* Thus, the size for both
O%LNC and aCD44-0%LNC nanosystems remained constant throughout this pH range.
Additionally, the colloidal stability was checked in mediums for physiological conditions.
Our NCs did not change their sizes and remaining stable in these media. Furthermore,
both NC systems also keep a narrow size distribution (PDI < 0.2). A stabilization
mechanism mediated by hydration forces could be responsible of these results. This

stabilization phenomenon is typical for hydrophilic colloidal systems at high salt
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concentrations.?® In our nanosystems, PEO chains from poloxamers and antibody
molecules supply the hydrophilic character to the surface shell and this behavior has
been previously revealed by NCs with similar shell composition?®®4%7 in complex

mediums with different electrolytes.

The cellular uptake of both O?LNC and aCD44-0?LNC was investigated on BxPC-
3 PCCs growing in monolayer (low expression of CD44) and on BxPC-3 PCSC secondary
spheres (high expression of CD44) by both confocal microscopy and flow cytometry. It
is well known that the levels of CD44 expression in BXPC3 PCSCs are much higher than
in their tumor counterpart.?®-410 First, we performed a characterization of the
expression levels of CD44 and CXCR4 markers in our tumor cell line (monolayer and
PCSCs) as well as the determination of the ALDH1 enzymatic activity. The overexpression
of these markers, as well as the increase in ALDH1 enzymatic activity, is an indication
that tumor cells have stem properties.38® The expression percentages obtained were
satisfactory and can thus conclude that a population of BxPC-3 PCSCs obtained was valid
for the study. The results obtained from confocal microscopy and flow cytometry are in
concordance with previous studies showing targeted killing of PCSCs overexpressing
CD44 surface marker by NCs functionalized with hyaluronic acid (HA), the most common
and immediate ligand for CD44.411412 Then, we can confirm that our aCD44-0%LNCs
were able to selectively bind to CD44 receptors releasing their content inside the PCSCs.
It is worth highlighting the high uptake efficiency of NR-aCD44-O%LNC in the BxPC3
PCSCs as opposed to the more differentiated tumor and attached cell population.
Recently, Trabulo et al. published a study where they covalently attached an anti-CD47
antibody to the surface of iron oxide nanoparticles for the recognition of this membrane
receptor overexpressed in PCSCs, obtaining very similar results to those described in this
study.*3 Moreover, since the interaction of HA and CD44 promotes EGFR-mediated
pathways, consequently leading to tumor cell growth, tumor cell migration, and
chemotherapy resistance in solid cancers,** the ability of our O?LNC functionalized with
aCD44 antibody could bind and neutralize the receptor by competitive inhibition of its
HA-ligand and consequently prevent the receptor-signaling cascade activation. All this

makes our nanosystem a good candidate for targeted therapy against PCSCs.

197



CHAPTER 3. DISCUSION

In the cell viability assay, the difference of the effect of free PTX between BxPC-
3 PCCs and PCSCs is due to the fact that PTX has a very high efficacy on differentiated
and replicative tumor cells*'®, but this efficiency drastically decreases in CSCs. The
increased potency of up to 4 times of aCD44-0%LNC-PTX on PCSCs in comparison to free
PTX, and up to 3.3 times with respect to O?LNC-PTX, indicate the targeted activity against
PCSCs overexpressing CD44, which facilitates the internalizing, favoring the
bioavailability and cytotoxic effect of PTX. Recent studies have tried to encapsulate
chemotherapeutic drugs into NPs and then functionalize the particle surface with
monoclonal antibodies to maintain targeting efficacy.??* The conjugated antibodies
enhance uptake and cytotoxic potency of the NPs. The significant reduction in cell
viability provoked by oaCD44-O?LNC-PTX compared to naked O2LNC-PTX is also in
agreement with other studies conducted with NPs of a different nature, which are

modified to be specifically targeted against PCCs.416-418

On the other hand, there is a need to create clinically relevant models for studying
treatments directed against PC in established human PC orthotopic xenografts by the
visualization of tumor growth in early stages and tracking tumor behavior and
progression. Previous results indicate that the model is advantageous and several PCCs,
including BxPC-3 PCCs, have been modified to express luciferase.*®.We produced
lentiviral vector (LV) particles using the SELWPLV (Tristan-Manzano et al, unpublished)
that allow both in vitro and in vivo monitoring of transduced cells by flow cytometry
(eGFP) and bioluminescence imaging (NanolLuc) respectively. In addition, we generated
and validated a suitable pancreatic tumor model based on BxPC-3 PCC that stably
expressed both eGFP and NanoLuc, which can be useful for in vitro phenotypic analysis

and in vivo tracking.

Finally, in order to verify that our functionalized aCD44-0O?LNCs were specifically
directed to the tumor area, an in vivo assay was performed. In this experiment, an
orthotopic xenotransplant was performed in the pancreas of the mice and the tumor
was generated as described*?® but with a modification in the protocol by implanting
PCSCs instead of patient tumor samples. BxPC-3 PCSCs transduced with the SELWP LVs
were used to generate the tumor. In agreement with other studies using targeted tumor

NPs,*?1422 our olive oil-based nanosystem specifically targets PC tumors which could
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serve as a non-invasive imaging modality for molecular and cellular tracing and specific
carrier of hydrophobic drugs against PCSCs. More specifically, Han, Y. et al.
demonstrated the targeting ability of anti-CD326-grafted Gadolinium ion-doped
upconversion NP-based micelles on BxPC-3 PCCs overexpressing this transmembrane
glycoprotein.*? In addition to these studies, here we show an enhanced targeting ability

of our olive oil-based nanosystem on a PCSC orthotopic xenotransplant in vivo model.
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1)

2)

3)

4)

5)

6)

7)

8)

9)

A theranostic nanodevice based on orthogonal conjugation strategies for the
multifunctionalization of polystyrene NPs has been successfully developed.
Theranostic NPs (HP-Cy7-DOX-NPs) containing controlled amount of each one of
the components (Cy7 dye, Doxorubicin and CRGDK peptide) have been
successfully prepared and evaluated in vitro and in vivo.

Doxorubicin bound to the NPs through a pH labile hydrazone bond allowed its
release inside the tumor cells. The sustained drug release of HP-Cy7-DOX-NPs
validates the drug release strategy selected for this study. Thanks to this, it has
been possible to avoid the systemic and physical toxicity of free Doxorubicin in
the in vivo models.

CRGDK (Cys-Arg-Gly-Aps-Lys) homing peptide was coupled to the NPs via chemo-
selective conjugation to target TNBC cells overexpressing Nrp-1.

Cytotoxicity assays showed three-fold reduction of the amount of Doxorubicin
required to have the same effect than soluble Doxorubicin in MDA-MB-231 TNBC
cells.

The in vivo experiments demonstrated the efficient targeted delivery and
enhanced therapeutic activity of the theranostic NPs in Nrp-1 overexpressing
TNBC tumors.

Colloidally stable nanocapsules with an olive-oil core surrounded by a GAD cross-
linked HSA shell have been successfully developed. LLNCs cross-linked with GAD
showed a fast internalization and a sustained drug delivery.

The curcumin-LLNCs with GAD cross-linking nanocapsules displayed an
outstanding uptake performance and exhibited a tumor cell killing capacity (ICso)
similar to that of free curcumin.

An optimizing procedure to develop immuno-nanocapsules (O%LNCs
functionalized with an anti-CD44 antibody) with specific recognition properties
against PCSCs have been successfully developed. The successful optimization in
the anti-CD44 antibody functionalization procedure using a simple and
reproducible ECDI method was demonstrated.

A complete physico-chemical characterization of the O’LNCs has been carried
out, revealing the presence of each of the components used in the synthesis

procedure as well as the characterization of the immuno-O%LNCs showing the
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accurate bound of the antibody molecules to the carboxyl surface groups of bare
O2LNCs.

10) The specificimmunological recognition of the CD44 cell membrane receptors has
been reveal in vitro.

11) In vitro results supported the enhanced targeting activity and receptor-mediated
binding mechanism of aCD44-0%LNCs against CD44 overexpressing PCSCs and the
increased cytotoxicity up to 4 times of PTX loaded aCD44-02LNC in comparison
to free PTX.

12) Both the efficient targeted delivery on PCSCs and the noninvasive imaging cell
tracking of aCD44-0%LNCs has been demonstrated in vivo by generating a PC
orthotopic xenotransplant model by direct inoculation of BxPC-3 PCSCs

transduced with the SELWP LVs.
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1)

2)

3)

4)

5)

6)

7)

8)

Se ha desarrollado con éxito un nano dispositivo terandstico basado en
estrategias de conjugacion ortogonal para la multifuncionalizacion de NPs de
poliestireno. Las NPs terandsticas (HP-Cy7-DOX-NP) se han preparado
conteniendo una cantidad controlada de cada uno de los componentes
(colorante Cy7, doxorrubicina y péptido CRGDK) y se han evaluado con éxito in
vitro e in vivo.

La doxorrubicina unida a las NPs a través de un enlace de hidrazona labil a pH
permitio su liberacién dentro de las células tumorales. La liberacién sostenida de
farmaco por parte de las HP-Cy7-DOX-NP valida la estrategia de liberacion
seleccionada para este estudio. Gracias a esto, ha sido posible evitar la toxicidad
sistémica y local de la doxorrubicina libre en modelos in vivo.

El péptido de referencia CRGDK (Cys-Arg-Gly-Aps-Lys) se acopld a las NPs
mediante conjugacién quimio-selectiva para dirigirlas hacia células TNBC que
sobreexpresan la Nrp-1.

Los ensayos de citotoxicidad mostraron una reduccion de hasta tres veces la
cantidad de doxorrubicina requerida para tener el mismo efecto que la
doxorrubicina soluble sobre las células TNBC MDA-MB-231.

Los experimentos in vivo demostraron la entrega dirigida eficiente y la actividad
terapéutica mejorada de las NPs terandsticas en tumores TNBC que
sobreexpresan Nrp-1.

Se han desarrollado con éxito nanocdpsulas coloidales estables con un nucleo de
aceite de oliva rodeado por una cubierta de HSA reticulada con GAD. Las LLNCs
reticuladas con GAD mostraron una rdpida internalizacién y una entrega
sostenida de farmaco.

Las LLNCs con curcumina reticuladas con GAD mostraron un excelente
rendimiento de absorcién y exhibieron una capacidad para matar células
tumorales (ICsp) similar a la de la curcumina libre.

Se ha desarrollado con éxito un procedimiento de optimizacion para desarrollar
O%LNC funcionalizadas con el anticuerpo anti-CD44 con propiedades de
reconocimiento especificas contra PCSC. Se demostré la optimizacion exitosa en
el procedimiento de funcionalizacion de anticuerpo anti-CD44 usando un

método ECDI simple y reproducible.
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9) Se ha llevado a cabo una caracterizacion fisicoquimica completa de las O’LNC,
que revela la presencia de cada uno de los componentes utilizados en el
procedimiento de sintesis, asi como la caracterizacién de las inmuno-O%LNC que
muestran la unidn precisa de las moléculas de anticuerpo a los grupos carboxilo
de superficie de las O’LNC desnudas.

10) Se ha demostrado in vitro el reconocimiento inmunoldgico especifico de las a-
CD44-0%LNC por los receptores de membrana celular CD44.

11) Los resultados in vitro respaldaron la actividad de direccionamiento mejorada y
el mecanismo de unién mediado por receptor de las aCD44-0O?LNC contra PCSCs
gue sobreexpresan CD44 y el aumento de la citotoxicidad hasta 4 veces de las
aCD44-0%LNC cargadas con PTX en comparacion con PTX libre.

12) Se ha demostrado in vivo tanto la entrega eficiente dirigida en PCSCs como el
rastreo por imagen no invasiva de las aCD44-0%LNCs al generar un modelo de
xenotrasplante ortotdpico de PC mediante la inoculacion de PCSC BxPC-3

transducidas con LV SELWP.
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AFM: Atomic Force Microscopy.
AgNPs: Silver Nanoparticles.
ALDH: Aldehyde Dehydrogenase.
AR: Androgen.

AuNPs: Gold Nanoparticles.

BC: Breast Cancer.

BCSC: Breast Cancer Stem Cell.
BSA: Bovine Serum Albumin.
CASP: Caspase.

CNT: Carbon Nanotubes.

CSC: Cancer Stem Cell.

DIPEA: Diisopropide ethyl amine.
DLS: Dynamic Light Scattering.

DMEM: Dulbecco Modified Essential

Medium.

DMF: Dimethyl Formamide.
DMSO: Dimethyl Sulfoxide.
DOX: Doxorubicin.

ECDI: Dimethylaminopropyl Ethyl-

carbodiimide.
ECM: Extracellular Matrix.

EGF: Epidermal Growth Factor.
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EMT: Epithelial-to-Mesenchymal

Transition.
EPC: Endothelial Progenitor Cell.

EPR: Enhanced Permeability and

Retention Effect.
ER: Estrogen.

ESC: Embryonic Stem Cell.

FBS: Fetal Bovine Serum.

FGF: Fibroblast Growth Factor.
FGF: Fibroblast Growth Factor.
GAD: Glutaraldehyde.

GFP: Green Fluorescent Protein.
HGF: Hepatocyte Growth Factor.
HP: Homing peptide.

HPLC: High Performance Liquid

Chromatography.
HSA: Human Serum Albumin.
HSC: Hematopoietic Stem Cell.

ICs0: Half Maximal Inhibitory

Concentration.
IEP: Isoelectric Point.

IgG: Immunoglobulin.
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ITS: Insulin-Transferrin-Selenium.
LLN: Lipid Liquid Nanoparticles.
LV: Lentiviral Vector.

mAbs: Monoclonal Antibodies.

MDR: Multi-drug Resistance

Mechanism.
MEM: Minimum Essential Medium.

MMP: Matrix Metalloproteinase

Receptor.

MOI: Multiplicity of Infection.

MPS: Mononuclear Phagocyte System.
mRNA: Micro RNA.

MS: Mass Spectrometry.

NCs: Nanocapsules.

NMR: Nuclear Magnetic resonance.
NPs: Nanoparticles.

NR: Nile Red.

Nrp-1: Neuropilin-1.

O2LNC: Olive oil Liquid Nanocapsules.
PACA: Polyalkylcyanoacrylate.

PB: Phosphate Buffer.

PBS: Phosphate Buffer Saline.

PC: Pancreatic Cancer.

PDI: Polydispersity Index.
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PEG: Polyethylene Glycol.

PLGA: Poli lactic-co-glycolic acid.
PR: Progesterone.

PTX: Paclitaxel.

SC: Stem Cell.

TEM: Transmission Electron

Microscopy.

TGF-B: Tumor Growth Factor .

TIC: Tumor initiating cell.

TME: Tumor Microenvironment.
TNBC: Triple Negative Breast Cancer.
TNF: Tumor Necrosis Factor.

TP53: Tumor Protein 53.

UV: Ultraviolet.

VCAM: Vascular Cell Adhesion

Molecule.

VEGF: Vascular Endothelial Cell Growth

Factor.

VEGFR: Vascular Endothelial Cell

Growth Factor Receptor.
WHO: World Health Organization.

WOS: Web of Science.
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Figure S1. Calibration curve of absorbance vs concentration for Cy7 at 750 nm.
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Figure S2. Calibration curve of CRGDK homing peptide by BCA assay.
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Figure S3. Calibration curve of absorbance vs concentration for doxorubicin at 481 nm.
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Figure S5. A) Dose-response curves (percentage of cell viability versus DOX concentration) of
DOX free treatment and B) of HP-Cy7-DOX-NP (14) (NPs/Cell) treatment in MDA MB 231 cell

line.

2. General experimental methods

2.1. General information

Chemistry equipment:

The HPLC analysis was performed on an Agilent 1200 series HPLC system coupled to a
PL-ELS 1000 evaporative light scattering detector (ELS) from Polymer Lab with UV
detection at 220, 254, 260, 282 and 495 nm, Discovery® C 18 of Supelco (50 mm x 2.1
mm x 5 um), method S50D. The elution was carried out with Solvent A (0.1% formic acid

in deionized HPLC grade water) and Solvent B (0.1% formic acid in HPLC grade methanol)
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at 1 ml x min with a gradient of 5 to 95% B for 3 minutes, followed by 1 minute isocratic
to 95% of B and ending with a gradient of 95 to 5% of B for 1 minute, then 1 min of

isocratic to 95% of A.

Low resolution mass spectra were obtained using an Agilent Technologies 1200 HPLC-

MS (6110 Quadrupole LC / MS) with ESR LRMS mass detector.

The high-resolution mass spectra were obtained using a LCT-TOF Premier XE High

Resolution Mass Spectrometer, Micromass Technology.

The dynamic light scattering (DLS) and the Zeta potential were measured on a Zetasizer
Nano ZS ZEN 3500 in biological grade water in a disposable cuvette for size

measurements or in a transparent disposable cuvette for zeta potential measurements.

All conjugations were carried out with an Eppendorf Thermomixer® agitator and the

centrifugations were performed in an Eppendorf centrifuge.

Biology equipment:

Cell cultures were performed in a NU-4750E US AutoFlow incubator from NUAIRE.

Cell experiments were carried out in a laminar flow cabinet Bio Il A of TELSTAR Class Il

A.

Flow cytometry was performed on a FACS Canto Il system (Becton Dickinson & Co., NJ,

USA) using the Flowjo® 10 software for analysis.

Cell viability was assayed using a M200 Nanoquan microplate reader to measure

absorbance.

Confocal microscopy was performed on a Zeiss LSM 710 confocal laser scanning
microscope and Zeiss ZEN 2010 software for image acquisition. Transmission electron
microscopy was performed on a FEI Titan G2 high resolution microscope. Atomic force
microscopy was performed on a Nx20 atomic force microscope (Park Systems) and

analysed using Xei data acquisition software.
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2.2. Synthesis of CRGDK homing peptide.

HZNYNH
HN OH
0
H (ﬁ HoQ R
H2N\O/WN\“ - \N“‘ N\-)—LN N NH2
IO | A I\/\/
'SH 07 ~OH

2-chlorotryl chloride resin (300 mg) was placed in a Solid Phase Extraction (SPE) cartridge,
suspended in 6 ml of anhydrous DCM and stirred for 15 minutes to swell the resin. After that,
the solvent was removed and a solution containing 2 equivuivalents of Fmoc-Lys-L-OH (Boc)
(0.672 mmol) and DIPEA (456 ml, 262 mmol) in 6 ml of anhydrous DCM was added to the resin.
The SPE cartridge with the reaction mixture was placed in a wheel and allowed to react for 15
hours at room temperature. Then, the resin was drained under vacuo and washed with DMF
(5x1min) and DCM (5x1min). After that, a ninhydrin test was carried out to check if the
reaction had procceed completely. Once the reaction had finished, the Fmoc group was
deprotected by treating the resin with 20% piperidine in DMF at room temperature (3 x 10
min). The remaining L-aminoacids, Fmoc-Asp (OtBu) -OH, Fmoc-Gly-OH, Fmoc-Arg (Pbf) -OH
and Fmoc-D-Cys-(TRT) -OH were sequentially coupled to the resin. To do so, oxyma (3.5 equiv)
was added to a solution of the corresponding Fmoc-protected L-aminoacids (3.5 equiv) in DMF
(3.9 mL) and, after mixing for 4 minutes at room temperature, DIC (3.5 equiv) was added and
the solution was stirred for another 8-10 minutes at room temperature. This mixture was then
added to the resin and left to react stirring in the wheel for 2 hours at room temperature.
Coupling of Fmoc-protected aminoacids followed by Fmoc deprotection procedure was
sequentially done as described above until the peptide sequence was complete. Once the last
Fmoc group was removed, oxyma (3.5 equiv) was added to a Boc-aminooxyacetic acid (3.5
equiv) solution in DMF and left to react for 2 hours. Finally, acidic cleavage of the aminoxy
peptide was carried out by treatment with an acidolytic mixture of trifluoroacetic acid (TFA),
trimethylsilane (TIS) and dichloromethane (DCM) (90:5:5) for 4 hours at room temperature.
The solution was then evaporated in the rotary evaporator and the crude peptide was
precipitated by the addition of cold Et,O (2 x 15 ml). Finally, the mixture was centrifuged and

the supernatant removed the crude peptide (35mg, 27% yield).
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CRGDK

MW = 650.7056 mmol / g

Exact mass = 650.2806

Resin loading = 0.65 mmol / g

Mass = 300 mg

Theoretical mass: 126.89 mg (0.192mmol)

2.3. Synthesis of cross-linked polystyrene aminomethyl NPs (Naked-NPs (1)).

HQN’\O
1

PVP (Mw 29,000, 0.05g, 1.7 umol, Sigma-Aldrich) was dissolved in 92% ethanol/8%
water for a final volume of 10 mL, and deoxygenated via argon bubbling. AIBN (7 mg,
42.4 umol) was dissolved in styrene (freshly washed, 0.5 mL) with VBAH (7 mg, 41.3
umol) and DVB (freshly washed, 4.65 pL).?°® The dispersion was deoxygenated with
argon bubbling before addition to the PVP/Ethanol solution.

The mixture was stirred under argon for 1 hours before heating to 68 °C for 15 hours.
NPs were obtained by centrifugation (11,000 G, 15 minutes) and washed with methanol

(2 x 10 mL) and water (2 x 10 mL). Finally, NPs were stored in water (10 mL) at 4°C.
Particle size distribution: mean diameter: 460 nm, PDI: 0.042.

Loading (Ninhydrin): 0.057 mmol / g.

Number of particles per gram: 1.96 x 1013.

2.3.1. Characterization of Naked-NPs (1)

2.3.1.1. Solid content (SC) of the emulsion (%)

A known mass of a suspension of polystyrene NPs (0.5-1mg, suspended in water) was
placed in a watch glass, covered with aluminum foil, dried at 25 °C for 15 hours, weighed

and reweighed to give the mass of NPs. The solid content was then calculated according
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to the following equation: % SC = (m/Vs) x 100, where m = mass of NPs (mg), Vs = Volume

of suspension (pL).
SC: 2%, 2 mg of NPs in 100 pL of solution.
2.3.1.2. Transmission electron microscopy (TEM)

A sample of 5 uL of NPs was suspended in absolute ethanol, treated with copper and

deposited on a grid lined with carbon.
2.3.1.3. Atomic force microscopy (AFM)

A sample of 1 uL of NPs was dispersed in distilled water by sonication, placed on a mica

disk (1 cm?) and dried for a few minutes (5-10).
2.3.1.4. Calculation of number of particles per gram

N= 6 x 1012/(rt x ps x d3) Where: N = Number of particles/g for dry powder, ps= Density

of solid spheres (g/cm?), which is 1 g/cm? for polystyrene, d= Mean diameter (nm).
Result: N=1.96 x 1013 NPs per gram.
2.3.1.5. Calculation of loading of n using Fmoc NPs test

Fmoc-(x)-NPs (where x is Fmoc-PEG-OH or Fmoc-Lys(Dde)-OH, etc) were resuspended in
1 mL of 20% piperidine in DMF (3 x 20 min) after which the beads were washed by
centrifugation three times, the supernatants combined and the loading was calculated

according to the following equation:
Loading (mmol/g) = (A302 x V) / (€302 x d x W) x 1000

A302: Absorbance measured at 302 nm, VmL: Volume of combined supernatants, €302:

Molar Extinction Coefficient (7800 M-1cm™) and Wmg: Mass of beads.
Result: Loading (Fmoc test): 0.054 mmol/g
2.3.1.6. Qualitative ninhydrin test

The reaction control was determined by qualitative ninhydrin test. Small samples of NPs
in methanol (12 pL, 2% SC) in a 0.5 mL capacity eppendorf were washed with methanol

and centrifuged after which 6 pL of reagent A and 2 pL of reagent B were added. Mix
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well and heat to 100 2C for 3 min. Blue stained resin beads indicate the presence of

primary amines.

2.4. Determination of NPs concentration (NPs/uL) by spectrophotometric method.

NPs concentration (NPs per microliter) was determined by a spectrophotometric
method as described previously.?%® Briefly, measurement of turbidity optical density at
600 nm of polystyrene NP suspensions was performed, based on nephelometric
principals. Light going through NP suspensions is scattered via reflection, refraction and
diffraction phenomena and the intensity of the scattered light, which are proportional
to number of NPs in suspension, is recorded by standard spectrophotometers. In this
way, calibrate standard curves were obtained for amino-methyl cross-linked
polystyrene NPs of 460 nm by NP known concentrations. Calibration curves fitted linear
regression models by which the number of NPs per microliter corresponding to one unit
of OD600 for each size could be determined. Thus, these curves using initial batches of
NP suspensions permitted us to estimate the number of NPs in final batches, which

underwent multiple handling procedures, by OD600 measurement of 1 pL.

20+
E‘ 1 OD600= 2,2 x 108 NP/pL
€ Y=4,987 107x - 0.09838 .
8 15+ 2_ o
8 | R=0.0977
£ 10 » -
e i S
) .
o .
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I »
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Figure S6. Calibration standard curve of concentration of nanoparticles (OD 600)
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2.5. General protocol for Fmoc and Dde deprotection
2.5.1. Fmoc deprotection.

Fmoc deprotection was achieved by treating NPs with 20% piperidine/DMF (1 mL; 3 x
20 min). NPs were obtained by centrifugation and subsequivuently washed with DMF
(3x 1 mL), MeOH (3 x 1 mL), deionised water (3 x 1 mL).

2.5.2. Dde deprotection.

Dde deprotection was facilitated by treating NPs 10 with the Dde deprotection solution
mixture (1.25 g (1.80 mmol) of NH,OH.HCl and 0.918 g (1.35 mmol) of imidazole were
suspended in 5 mL of NMP, and the mixture was sonicated until complete dissolution.
Just before reaction, 5 volumes of this solution were diluted with 1 volume of DMF (1
mL) for 1 hour at r.t. on a rotary wheel, then NPs were washed with DMF (1 mL). NPs
were obtained by centrifugation and subsequivuently washed with DMF (3 x 1 mL),

methanol (3 x 1 mL), deionised water (3 x 1 mL) and finally DMF (3 x 1 mL).

3. Preparation of PEGylated and bifunctionalized NPs

3.1. General scheme for synthetic strategy to obtain double PEGylated and

bifunctionalized NPs.

(i), (i) o]

" o 2 (i) j\ b
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1 2
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O i)
5 4
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Scheme S1. Synthesis of PEGylated and bifunctionalized NPs. Reagents and conditions: (i)
Fmoc-PEG-OH (15 equiv), Oxyma (15 equiv), DIC (15 equiv), DMF. 2 h, 602C;(ii) 20% piperidine,
DMF. 3 x 20 min; (iii) Fmoc-Lys(Dde)-OH,Oxyma (15 equiv), DIC (15equiv), DMF. 2 h, 602C
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3.2. Conjugation of PEG spacer to NPs (3).

o 0

H2N‘PEG)J\NH—PEG)]\NH/\O

3

Aminomethyl NPs 1 (1 mL, 2% SC, 54 umol/g, 1 umol, 1 equiv) were washed in DMF (1 mL x 3
times) and suspended in DMF (1 mL). Separately, the Fmoc-PEG spacer (15 equiv) was dissolved
in DMF (1 mL), then oxyma (15 equiv) was added and the solution mixture mixed for 4 minutes
at R.T. before the addition of DIC (15 equiv) and mixed for 8-10 minutes at 252C. The solution
mixture was then added to amino NPs and suspension mixed on the Thermomixer at 1400 rpm
for 2 hours at 60°C.»®® Fmoc deprotection was achieved by treating NPs with 20%

piperidine/DMF. Next, the whole process is repeated to obtain the double-PEGylated NPs 3.

3.3. Preparation of bifunctionalised NPs (Fmoc-Dde-NPs, 6).

HN’Dde
o)
o)
Fmoc, NH{PEG?JL NH
Hn-PEG T N 2
2 H §

6

PEG functionalised NPs 3 (1 mL; 1 equiv) were washed in DMF (1 mL x 3 times) and suspended
in DMF (1 mL). Separately, Fmoc-Lys (Dde)OH (15 equiv) was dissolved in DMF (1 mL), then
oxyma (15 equiv) was added and the solution mixture mixed for 4 minutes at R.T. before the
addition of DIC (15 equiv) and mixed for 8-10 minutes at R.T.3%? The solution mixture was then
added to NPs 3 and suspension mixed on the Thermomixer at 1400 rpm for 2 hours at 60°C.
Then this step was repeated to Fmoc deprotection and to introduce two units PEG spacer to

obtain NPs 6.

4. Preparation of control NPs (Cy7-DOX-NP (11))

4.1. General scheme for synthetic strategy to obtain control NPs (Cy7-DOX-NP (11)).
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Scheme S2. General scheme of synthesis of control NPs (Cy7-DOX-NP (11)). Reagents and
conditions (i) Hydroxylamine HCI, Imidazole, NMP, 2x 1 h, 25 °C; (ii) Succinic anhydride (15
equiv), DIPEA (15 equiv), 2 h., 60 2C (iii) Activation COOH group with Oxyma (15 equiv), DIC (15
equiv), 2 h, 25 C; (iv) Hydrazine, 55% v/v (15 equiv), 15 h, 25 °C; (v) DOX, PBS pH 6, 15 h, 25 °C;
(vi) 20% piperidine, DMF, 3 x 20 min; (vii) Fmoc-Lys (Dde) -OH, Oxyma (15 equiv), Oxyma (15
equiv), DIC (15 equiv), DMF. 2 h, 60 °C; (viii) Cy7-NHS (1 equiv), DIPEA (0.1 equiv), 15 h, 25 °C.
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4.2. Preparation of Cy7-DOX-NP (11).
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Firstly, Dde deprotection of Fmoc-Dde-NPs (6) was carried out followed by the conjugation of
the succinic anhydride (15 equiv) with DIPEA (7.5 equiv) to obtain COOH-Fmoc-NPs (7). Later,
carboxi-functionalized COOH-Fmoc-NPs (7) were activated with oxyma (15 equiv) and DIC (15
equiv) during 4 hours and they were centrifuged and a solution of 55% v/v hydrazine in DMF
was added and they were left stirring for 15 hours at 25 ° C. Next, the Fmoc-Hydrazide-NPs (8)
were washed and conditioned in 1 mL of PBS pH 6. Then, 1 equivalent of DOX was dissolved in
PBS at pH 6 and added to the NPs and the resulting mixture was mixed for 15 hours at 50 °C to
yield DOX-NPs (9). NPs 9 were washed in DMF (1 mL x 3 times) and suspended in DMF (1 mL)
and conjugated with Fmoc-Lys (Dde)OH (15 equiv) with oxyma (15 equiv) and DIC (15 equiv) in
DMF as explained in the previous section (section 3.3) to obtain Fmoc-Dde-DOX-NPs (10) after
Fmoc deprotection. Following Dde deprotection of Fmoc-Dde-DOX-NPs (10) the conjugation of
fluorophore Cy7 was carried out to yield control NPs (11). NPs 10 were washed with anhydrous
DMF (3 x 1 mL) and resuspended in anhydrous DMF (1 mL). On the other hand, Cy7-NHS (1.5
equiv) activated with NHS was dissolved in anhydrous DMF (1mL) with DIPEA (1 equiv).
Subsequently, the solution was added to NPs and suspension was stirred in the Thermomixer
at 1400 rpm for 15 hours at 25 °C. Cy7-DOX-NPs (11) were obtained by centrifugation and
subsequently washed with DMF (3 x 1 mL), MeOH (3 x 1 mL) and sterile deionized water (3 x 1
mL).
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4.3. Characterization of control NPs (11).

Table S1. Characterization of NPs by DLS.

NPs Diameter Mean PDI

(nm)
Cy7-DOX-NP (11) 466 + 1,6 0,013
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Figure S7. Characterization of Cy7-DOX-NP (11). A) Zeta potential values of Cy7-DOX-NPs (11).
B) TEM of Cy7-DOX-NPs (11); C) AFM of Cy7-DOX-NPs (11); D) Confocal microscopy of Cy7-
DOX-NPs (11), Scale bar, 10 um; E) Representative overlay dot plot obtained after flow
cytometry analysis of naked NPs (1) (blue) and Cy7-DOX-NPs (11) (blue); F) Cumulative DOX
release of Cy7-DOX-NPs (11).
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5. Preparation and characterization of theranostic nanoparticles (HP-Cy7-DOX-NPs
(14))

5.1. Preparation of theranostic nanoparticles (HP-Cy7-DOX-NPs (14)).
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Double PEGylated and bifunctionalized NPs (Fmoc-Dde-NPs, (6)) were obtained by using
protocols previously described [17] (see details above). Next, carboxy functionalization was
achieved by treatment with succinic anhydride (20 equiv) in DMF for 4 h at 60 2C. Next, COOH-
Fmoc-NPs (7) were activated with oxyma (10 equiv) and DIC (10 equiv.) for 4 hours at 25 °C
following by centrifugation. Then, 1 mL of 55% v/v hydrazine in DMF was added and NPs were
left stirring for 15 hours at 25 °C to give rise to Fmoc-Hydrazide-NPs (8). Next, Fmoc-Hydrazide-
NPs (8) were washed and conditioned in 1 mL of PBS pH 6. DOX (1equiv.) was dissolved in PBS
at pH 6 and added to the NPs and the resulting mixture was mixed for 15 hours at 50°C to yield
DOX-NPs (9). To generate trifunctionalized NPs Fmoc-lysine-Dde(OH) (15 equiv) was
conjugated to DOX-NPs (9) after Fmoc deprotection and the fluorophore conjugation step was
carried out using a sulfo-Cy7 NHS ester solution in DMF with N,N-diisopropylethylamine
(DIPEA) (0.1 equiv) at 25 °C for 14 h after deprotection of Dde. Finally, COOH-Cy7-DOX-NPs
(13) were activated with oxyma (15 equiv) and DIC (15 equiv) and were functionalized with a
solution of CRGDK homing peptide (see peptide synthesis details above) in DMF and DIPEA at
25 °C for 15 hours to obtain theranostic nanoparticles (HP-Cy7-DOX-NPs (14)).

5.2. Characterization of theranostic nanoparticles (HP-Cy7-DOX-NPs (14)).

Size distributions of the NPs were controlled after each key conjugation step by DLS
(Figure 2A). It can be observed that this multifunctionalization strategy did not affect
the NP size. These results confirm that trifunctionalized NPs were stable and aggregation

did not occur. These DLS size results were corroborated by TEM analysis (Figure 2B) and
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by AFM (Figure 2C), revealing a spheroidal morphology with irregular contours, without

aggregation and with a good dispersion.

NP zeta potentials were measured in aqueous environments at pH 7.4. Figure 2A shows
the zeta potential values which shown negative values of Fmoc-Dde-NP (6), COOH-Cy7-
DOX-NP (13) and HP-Cy7-DOX-NP (14) as a consequence of the conjugation to the amino
groups of NPs so that they cannot be protonated. These results also confirm the ability
of zeta potential measurements to monitor the success of the chemical modifications of
NPs. Finally, the characteristics of homogeneous size and low polydispersity of NPs

populations studied were also confirmed.

In order to measure the labelling level of the theranostic nanoparticles, HP-Cy7-DOX-
NPs (14) were analysed by flow cytometry and confocal microscopy. The labelling
efficiency was quantified by measuring the remaining fluorophore in the reaction
supernatant after the conjugation step by using a calibration curve with lineal ratio
between the optic density of the Cy7 dye and its concentration (Figure S1). The
conjugation efficiency was 74.1%. Taking into account the number of NPs used in this
assay (5.2 x 107 NPs/uL), we can estimate a final concentration of 9.5 x 10 nmol of Cy7

per NP that correspond to 5.7 x 10’ molecules of Cy7 per NP.

The efficiency of conjugation of the CRGDK homing peptide to the theranostic NPs (HP-
Cy7-DOX-NPs (14)) was determined by measuring the initial and final peptide
concentration in the reaction vessel by BCA test.3%> The absorbance values obtained at
562 nm were translated into concentration using a standard calibration curve (Figure
$2). The obtained results show a conjugation efficiency of 80.7%. Taking into account
the number of NPs used (1.83 x 108 NPs/uL), we can estimate a final concentration of 8
x 10° nmol of CRGDK homing peptide per NP that correspond to a density of 5.23 x 107
CRGDK homing peptide molecules/NP.

In order to evaluate the conjugation efficiency of DOX to theranostic NPs (HP-Cy7-DOX-
NPs (14)) the unconjugated drug which remain in the supernatant of the reaction was
measured by UV spectroscopy. A calibration curve, with lineal ratio between the optic
density of DOX and its concentration, was previously performed (Figure S3). The

conjugation efficiency was calculated to be 72%. As the number of NPs used in this assay
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were 5.2 x 107 NPs/uL, we can estimate a final concentration of 1.4 x 108 nmol DOX per

NP that correspond to 8.4 x 10’ molecules of drug per NP.

The efficiency of DOX release from HP-Cy7-DOX-NPs (14) was determined by performing
UV spectroscopy of the buffers in which HP-Cy7-DOX-NPs (14) were incubated and using
a HPLC system (Figure S4). HP-Cy7-DOX-NPs (14) where incubated at pH 5.2 (phosphate
buffer) at which pH sensitive hydrazone bonds are reversible cleaved. A significant drug
release of 44% * 0.1 after 24 hours of incubation at pH 5.2 was observed. Then, a
sustained release occurs up to 168 hours incubation, achieving a maximum release value
of 73%. In contrast, there is no significant loss of DOX conjugated to NPs when
incubation is carried out in 7.4 pH PBS. Consequently, an efficient and selective drug

release at acidic pH has been achieved.

6. Doxorubicin release profile

6.1. Calibration curve of doxorubicin by HPLC method of theranostic NPs (HP-Cy7-DOX-
NPs (14)).

Analysis of the efficacy of the release of doxorubicin by HPLC: chromatographic
conditions: the HPLC system (Acquity UPLC System, Waters) with a C18 column from
Waters CORTECS ™ (2.1 mm x 75 mm, 2.7 um). The detection of PDA e\ for doxorubicin
was established at 252 nm. The mobile phase of water: acetonitrile (30:70, pH 3.0,
adjusted with 85% phosphoric acid) was supplied at a flow rate of 0.4 ml / min of
acetonitrile: 0% B, T8: 95% B, T8.1: 0% B, analysis time 10 minutes. The maximum
identification was confirmed by the retention time of doxorubicin hydrochloride at 2.69

min (Figure S4).

7. General protocol for cellular nanofection.

7.1. Cellular nanofection by flow cytometry.

After incubation with NPs, the medium was aspirated and the cells were washed with
1x PBS and separated with trypsin-EDTA at 37 °C for 5 minutes. Then, each sample was
fixed in 2% paraformaldehyde (PFA) at room temperature for 10 minutes and protected
from light. Samples were analyzed by flow cytometry with a FACS Canto Il flow
cytometer. Each experiment was performed in duplicate by ratio and time of incubation

and was repeated at least three times.
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The study of the nanofection of HP-Cy7-DOX-NP (14) and control NPs were carried out
using the following ratio of NPs per cell: 1/50; 1/100; 1/250; 1/500; 1/1000; 1/2500;
1/5000; 1/10000. The dot plots and the cytometry statistics were obtained using the
FlowJo software. Graphs and statistical difference data were made using the GraphPad
software according to the following explanation. The percentages of cell data containing
NPs were plotted against the cell/NPs ratio (3.3) in two different chart types. First in an
XY representation according to the adjustment model of the hyperbola equation to
study the saturation profile NPs of the MDA MB 231 cell line and the specific multiplicity
of fifty nanofection (number of NPs to obtain the 50 % of the cells that contain NPs
(nanofected)). Second in a bar representation to establish the statistically significant
differences mediated by the analysis of the variance of a factor (ANOVA) using the
Bonferroni multiple comparison comparing the same treatments between different NPs.
In addition, the median fluorescence intensity (MFI) was analyzed comprehensively by
comparing the increase of the MFI (AMFI, MFI sample/MFI without treatment). The

ANOVA multiple comparison test was also used.

7.2. Cellular nanofection by confocal microscopy.

The cells were washed with 1X PBS, separated with trypsin / EDTA, counted and diluted
with the corresponding media to a final concentration of 105 cells per mL. 500 uL of
each cell line suspension was seeded onto glass coverslips coated with poly-L-lysine in
24-well plates and incubated for 15 h. Then, the media was replaced by a new solution
with the medium containing the quantity of NPs corresponding to each experiment.
After the corresponding incubation time, the medium was aspirated and the cells were
washed with 1X PBS and fixed in 4% paraformaldehyde at room temperature for 30
minutes. The fixed cells were washed with 1X PBS and mounted with ProLong Gold
mounting medium with DAPI (Life technologies). The images were collected with the
ZEISS LSM 710 confocal laser microscope using a DIC Plan-Apochromat 63X oil
immersion objective with 1.40 numerical aperture and the ZEN 2010 software. The
image analysis was subsequently carried out with the ZEN 2012 program Blue Edition or
the program Imagel version 1.49b (free software). Samples containing fluorescent NPs
and DAPI nuclear staining were excited using a HeNe laser line of 633 nm wavelength

(5.0 mW) and 7% power for the NPs, a laser line of 405 nm diode wavelength (30.0 mW)
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2.8% power for DAPI and HeNe laser line with wavelength of 543 nm (1.2 mW) 20%
power for DIC images and 1.00 Airy unit (AU). Each experiment was performed in

duplicate and repeated three times per cell line.
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1. Colloidal Stability of LLNCs

In chemotherapy, most of suggested NP present certain handicaps associated with
toxicity, inappropriate drug-release pattern or low colloidal stability.*?* An important
requirement for NP to be used as drug carriers is to retain colloidal stability under
physiological conditions. Photon correlation spectroscopy is a reliable method to
determine the degree of stability of a colloidal system by providing information about
the average size of the aggregates. Nanocapsules prepared with and without cross-
linked HSA were incubated at pH 7.4 with increasing NaCl concentrations for 24 h to

study their colloidal stability (see Figure S8).

From this figure it bears mentioning that nanocapsules treated with GAD are completely
stable in the range 0-500 mM of NaCl. By contrast, in the case of non-cross linked
nanocapsules, the size of aggregates increased steeply with the NaCl concentration to a
maximum value reached at 100 mM NaCl. Over that concentration, the extent of
aggregation decreased abruptly again at 150 mM, and continued diminishing thereafter,
although slightly, with increasing ionic strength. The observed stability of nanocapsules
at high electrolyte concentrations can be explained by the presence of hydration
forces.*>>4%¢ |t has been proposed that the specific adsorption of cations onto protein
molecules, with their surrounding hydration layer, is the origin of hydration forces.
These repulsive interactions would then be favored by the net negative charge of the
protein. The enhanced colloidal stability of nanocapsules with GAD cross-linked HSA
could then be ascribed to the increase in the net negative charge due to the GAD

reaction with the protein amino groups.
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Figure S8. Diameter of LLNCs prepared with and without GAD as a function of NaCl.
GAD/HSA 0.16
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1. Supplementary Figures

6 5 4 3 2 1 [ppm]

Figure S9. 'H NMR spectrum (water-suppressed) of intact O?LNC in H,0 with 13% D,0
(24 2C, 500 MHz)
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Figure $10. *H NMR spectrum (water-suppressed) of intact O2LNC in H,0 with 13% D,0

(24 °C, 500 MHz). The vertical intensity is enhanced compared to Figure IPV1.
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Figure S11. Blue trace: 'H NMR spectrum (water-suppressed) of intact O?LNC in H,0
with 13% D>0 (blue trace). Red trace: 'H NMR spectrum of olive oil in CDCls.
Acquisitions at 24 2C, 500 MHz.
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Figure S12. Diffusion NMR experiment with the intact O2LNC sample in H.0 with 13%
D,0 (24 2C, 500 MHz). Expansion of the olive oil triglyceride end methyl triplet signal
at each of the effective gradient strengths employed in the diffusion experiment
(ledbpgppr2s pulse sequence from Bruker’s library, diffusion time was 125 ms).
Receiver gain is constant along all traces. It is clearly observed that the NMR signal
remains essentially non-attenuated even at the highest effective gradient strength
employed (95%, considering the squared gradient shape employed, of the maximum
nominal gradient strength which the probe may deliver). This behavior is a
consequence of the olive oil triglyceride molecules diffusing at the rate of the

nanocapsule vehicle they are confined in.
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Figure S13. Blue trace: 'H NMR spectrum (water-suppressed) of intact O?LNC in H,0
with 13% D>0. Red trace: 'H NMR spectrum of Pluronic F-68 in D,0. Acquisitions at 24
2C, 500 MHz.
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Figure S14. 'H NMR spectrum of disintegrated O2LNC after isopropanol evaporation
and further redissolution in CDCl3 (24 2C, 500 MHz).
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Figure S15. Blue trace: 'H NMR spectrum of disintegrated O?LNC after isopropanol
evaporation and further redissolution in CDCls. Red trace: *H NMR spectrum of olive oil

in CDCls. Acquisitions at 24 2C, 500 MHz.
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Figure S16. Blue trace: 'H NMR spectrum of disintegrated O?LNC after isopropanol
evaporation and further redissolution in CDCls. Red trace: *H NMR spectrum of

Epikuron 145V in CDCls. Acquisitions at 24 2C, 500 MHz.
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Figure S17. Blue trace: 'H NMR spectrum of disintegrated O?LNC after isopropanol
evaporation and further redissolution in CDCls. Red trace: *H NMR spectrum of

Pluronic F-68 in CDCls. Acquisitions at 24 2C, 500 MHz.
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Figure S18. Blue trace: 'H NMR spectrum of disintegrated O?LNC after isopropanol
evaporation and further redissolution in CDCls. Red trace: *H NMR spectrum of

Deoxycholic acid in CDCls. Acquisitions at 24 2C, 500 MHz.
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Figure $19. 'H NMR spectrum of disintegrated O’LNC after isopropanol evaporation
and further redissolution in CD30D (24 °C, 500 MHz).
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Figure S20. Blue trace: 'H NMR spectrum of O?LNC after isopropanol evaporation and
further redissolution in CDsOD. Red trace: *H NMR spectrum of olive oil in CD30D.
Acquisitions at 24 °C, 500 MHz.
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Figure S21. Blue trace: 'H NMR spectrum of O2LNC after isopropanol evaporation and
further redissolution in CD30D. Red trace: *H NMR spectrum of Epikuron 145V in
CDsOD. Acquisitions at 24 2C, 500 MHz.
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Figure S22. Blue trace: 'H NMR spectrum of O%LNC after isopropanol evaporation and
further redissolution in CD30D. Red trace: *H NMR spectrum of Pluronic F-68 in CD3OD.

Acquisitions at 24 2C, 500 MHz.
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Figure $23. Blue trace: 'H NMR spectrum of O2LNC after isopropanol evaporation and
further redissolution in CD30D. Red trace: 'H NMR spectrum of Deoxycholic acid in

CDsOD. Acquisitions at 24 2C, 500 MHz.
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