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Abstract

Cancer is one of the major causes of illness and mortality around the world. The
traditional chemotherapy regimens used to treat this disease frequently result in severe side-
effects and poor efficacy. Drug delivery systems have opened up new possibilities for
enhancing the therapeutic benefits and limiting the systemic side-effects of chemotherapeutic
drugs. Solid Lipid Nanoparticles have emerged as particularly promising nanocarriers in
cancer treatment. Low toxicity, high drug bioavailability, adaptability in incorporating
hydrophilic and lipophilic medicines, and large-scale production feasibility are all advantages
of this type of nanoparticles.

In this work SLN loaded with the photosensitizer Verteporfin (VP) were produced to
increase VP bioavailability and active cancer cell targeting through functionalization with Folic
acid. The purpose of this formulation is to be intravenous administrated and the subsequent
use of Photodynamic therapy as the method to activate VP, produce Reactive Oxygen Species

and induce cancer cell death.

The produced nanoparticles were characterized in terms of mean particle size,
polydispersity index, zeta potential and encapsulation efficiency. The particle size obtained
varied between 193 + 8 nm to 225 + 3 nm, which is an adequate size for intravenous
administration. A highly negative zeta potential (around -25mV) was obtained, which
indicates a good nanoparticle physical stability. Moreover, the encapsulation efficiency of VP

range above 95%, over 3 months of the stability study.

The in vitro studies support that VP-loaded nanoparticles are safe and efficient for
intravenous administration, as observed by absence of hemolytic activity and toxicity to the
reference cell line L929. The photodynamic therapeutic effect of the nanoformulations was
then studied. To do so, an optimization process was carried out where different light
irradiation doses, exposure times and concentrations of VP were studied. After establishing
the optimum conditions, it was demonstrated that VP-loaded SLN photodynamic therapeutic
effect was successful against the human breast cancer cell line MCF-7, while having very low
dark toxicity at the same of range of concentrations. Comparing to the free VP, the
encapsulation of VP possibly resulted in a more controlled drug release, leading to less
immediate anti-cancer effects than the free drug. Nevertheless, it was demonstrated that the
developed nanoformulation still showed a high anti-cancer activity upon light irradiation. This
was also reflected into an enhanced production of Reactive oxygen species and induction of
cancer cell apoptosis.

In conclusion, the results obtained supported the idea that VP is a very efficient anti-

cancer photosensitizer and suggested that VP-functionalized loaded NPs may show interesting

therapeutic potential for management of cancer disease.
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1 Chapter Introduction

1.1 Cancer disease

Cancer is characterized by an uncontrolled division and growth of abnormal cells. This
is caused by several gene expression alterations, which affect the normal mechanisms of cell
division and differentiation. Different factors that can induce genetic mutations and,
consequently, cancer development, such as unhealthy diet, tobacco and radiation, as external
factors and inherited genetic mutations and immune conditions as internal factors [1, 2].

This disease is one of the main causes of morbidity and mortality globally. In 2020,
approximately 19.3 million new cases were diagnosed and almost 10 million cancer-related
deaths occurred worldwide [3]. The economic impact of cancer is also factor that should be
taken into account. In 2020, the total healthcare expenses associated with cancer in the US
were $208.9 billion [4]. Across the Europe, the health-care costs of cancer were to €126 billion
in 2009 [5].

Nowadays cancer treatments are mainly based on the removal of the tumor by either
surgery or radiotherapy and often combined with systemic adjuvant therapies such as
chemotherapy and hormonal therapies [6]. Nevertheless, there are various adverse effects of
regularly prescribed chemotherapy drugs such as tiredness, anemia, weight loss and vomiting,
reduced quality of life and, eventual death due to limited treatment efficacy and recurrence of
the disease [6-8]. Therefore, the main problem with the use of conventional medicines to treat
cancer patients is that these therapies typically have a low selectivity to cancer cells, which
leads to systemic distribution and toxicity [9]. Patients who receive these types of treatment
frequently experience significant unintended side-effects due to the large toxic drug loads'
tendency to additionally harm normal body cells. Additionally, tumor heterogeneity and
medication resistance present significant challenges for the majority of traditional cancer
treatments [10].

In this aspect, nanoparticles (NPs) have emerged as a new opportunity in cancer
therapy, since they are able to improve the selectivity towards their target, display a controlled
release of their load, improve the drug pharmacokinetics by enhancing its aqueous solubility,

half-life time in blood and permeability across different biological barriers, and decrease the
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off-target distribution and systemic toxicity, by improving the accumulation of the drug at the

tumor site [11, 12].
1.2 Photodynamic therapy

1.2.1 History of photodynamic therapy

For thousands of years, light has been one of the elements used in the treatment of
various diseases. By combining psoralenes and sunshine, the Egyptians, Indians, and Chinese
employed light to heal skin conditions like psoriasis, vitiligo, and cancer [13]. The Danish
physician Niels Finsen introduced phototherapy at the end of the 19t century after learning
that smallpox could be treated by exposing patients to red light, which prevented the
development of pustules [14]. In addition to this discovery, Niels Finsen used UV light from
the sun to treat tuberculosis of the skin and was awarded the Nobel Prize in 1903 [13].

Early in the 20t century, Oscar Raab observed that the presence of radiation and a few
specific substances induced cell death while collaborating with Professor Herman von
Tappeiner. The neurologist Jean Prime discovered that epileptic patients receiving oral eosin
developed dermatitis in areas exposed to sunshine at the same time. This gave rise to the first
use of eosin and white light in medicine for the treatment of skin cancers. Later, in 1907,
Herman von Tappeiner and Albert Joldbauer showed that oxygen is required for
photosensitizing reactions to occur, and they coined the name "photodynamic action" to
describe this phenomenon [13, 15].

Photodynamic therapy development stalled for years, and it was not until the mid-
1960s that the introduction of a hematoporphyrin derivative (HPD) reignited interest in this
therapy. Lipson and Baldes used animals to show that HPD applied at low dosages was more
efficient than hematoporphyrin at localizing and differentiating tumor cells [13]. When
Dougherty and his associates used red-light activated HPD to completely eradicate malignant
breast cancers in mice and then in humans with tumors of the breast, colon, skin, and prostate,
it marked one of the key turning points in the development of PDT [13, 15]. Despite this latter
achievement, Photofrin®, the first photosensitizer (PS) for the treatment of bladder cancer,
was not licensed in Canada until the early 1990s [14]. Later, it received permission in several
nations for the treatment of additional tumors, including bronchial cancer, esophageal cancer,
and Barret's esophagus. Although this first-generation PS has proven effective against a
number of cancer types, it has numerous limitations, including poor tumor selectivity, weak
light penetration, and skin photosensitivity. Numerous second-generation PS were developed
in order to increase efficacy and reduce side-effects, including temoporphine (Foscan®) and
verteporfin (Visudyne®), which are recommended for the treatment of head and neck cancer

and age-related macular degeneration (AMD), respectively [16, 17].



More recently, researchers have been working on the development of third-generation
PS, which can be activated by higher wavelength light, be more selective to tumor tissues, and
in which photosensitivity in patients is reduced or eliminated. A third-generation PS with
orphan drug status for the treatment of cholangiocarcinoma, a serious tumor of the biliary

tract, is redaporfin, which is now in clinical phase I/II [18].

1.2.2 Mechanism of action

The main objective of PDT is to selectively destroy the target tissue while causing the
least amount of collateral damage to the nearby healthy tissues. For this effect to occur, the
simultaneous existence in the target tissue of three essential components is required: visible

light, molecular oxygen and the PS (Figure 1) [17].

After the PS has been administered and has accumulated in the target tissue, a
photodynamic response caused by irradiation and subsequent light absorption by the PS takes
place. This results in a sequence of photochemical reactions that produce reactive oxygen
species (ROS), which harm the target tissue [14].

PS in the fundamental state has two electrons with opposite spin orientation (singlet
fundamental state). After light absorption, the PS is excited (singlet excited state). After
excitation, the PS can return to the fundamental state with fluorescence or heat emission or
undergo the intersystem crossing phenomenon. The return to the fundamental state through
emission of radiation by fluorescence or heat may allow development of techniques for
determining the concentration of PS in tissues. The intersystem crossing over phenomenon
consists in the spin inversion of an electron in the excited state originating the triplet excited
state with a longer lifetime than the singlet excited state. It is in this state that the PS will
interact with molecular oxygen and initiate the ROS formation process [17].

Excited

singlet
state 1pg

Triplet
state

Ground \ Ps

tat
state Type 11

Figure 1 - Type I and Type II reactions in PDT. Schematic diagram showing PDT's mechanism of action.



The formation of ROS can occur through two types of reactions:

Type I - Direct reaction with O, or with an organic molecule giving rise to the
formation of superoxide anion (O.*) or transfer of a proton or electron, giving rise to

an anion or proton radical.

Type II - energy transfer to the O. in the fundamental state (triplet) forming

the excited O, (singlet oxygen, '0.) [17].

The type I reaction initially forms O.*, which is less reactive and does not cause
significant oxidative damage. However, it can give rise to hydrogen peroxide (H,0.) through
the dismutation reaction that is catalysed by the enzyme superoxide dismutase (SOD). In
addition to dismutation, O.*- is important in starting the chain of ROS formation by reducing
metal ions (such as Fes+) that catalyse the conversion of H,O. by breaking oxygen bonds into
hydroxide ion (OH-) and hydroxyl radical (HO*) - Fenton reaction. Superoxide can also react
with the hydroxyl radical forming singlet oxygen or with nitric oxide producing another very
reactive species, such as peroxynitrite (ONOO") [17].

In the type Il reaction, the mechanism is very simple with a direct transfer of energy to
the O, molecule, leading to the formation the reactive species 'O.. This reaction tends to occur
more often than the type I reaction due to its simpler mechanism and the fact that it is

thermodynamically favored, which makes O, the major mediator in PDT [19].

The ROS formed by these reactions affect many biomolecules (deoxyribonucleic acid
(DNA), lipids or proteins) near the area of origin due to their high reactivity and low half-life
time, as is the case of 10, and HO*. Examples of biomolecules that undergo oxidation are
protein residues of amino acids such as tyrosine, tryptophan, methionine, cysteine, and
histidine, unsaturated lipids from cell membranes and other organelles, and nucleotides,

notably guanine, causing DNA disruption and inducing cell death [20].

Type I and type Il reactions can occur simultaneously, leading to an amplified response
to therapy. However, the extent of the type I or II mechanism will be defined by the type of PS,
the presence of oxygen, the affinity of the PS for the target tissue, and the amount at the target
tissue. The damage caused also depends on the amount of oxygen and the type of PS, in
addition to other factors, such as the total dose administered, the time of light exposure and
the time between administration and light exposure (drug light interval), all of which are

interdependent [14].

1.2.3 Tumor Destruction

Being the main aim of PDT the eradication of the tumor, three mechanisms of tumor

destruction have been identified that play a key role in achieving this goal. These mechanisms



are interconnected and consist of a direct effect on tumor cells, a vascular effect or an effect on
the immune system Figure 2 [21].

The direct effect on tumor cells can occur via apoptosis, necrosis, and autophagy, which
are three different ways of cell death that are brought on by the irreversible oxidative damage
that ROS cause to biomolecules and cellular structures (Figure 2). The mode and extent of cell
death are influenced by the physicochemical properties, concentration and location of PS, as
well as by the oxygen concentration and the intensity and wavelength of the radiation source

used [22].
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Figure 2 - The three most noted pathways of cell death.

1.2.3.1 Apoptosis

Apoptosis is a programmed, energy-dependent mechanism of cell death characterized
by nuclear condensation, cleavage of chromosomal DNA, cell contraction, formation of
apoptotic bodies, and exposure to phosphatidylserine on the outer side of the cell membrane.
This mechanism involves the activation of caspases, responsible for most of the alterations
described, which act through an extrinsic and an intrinsic pathway [23].

In the extrinsic pathway, the binding of apoptosis inducers (such as Tumor Necrosis
Factor-alpha, TNF-a) to their receptors occurs. After this binding, formation of the death-
inducing signaling complex occurs that will initiate the activation of the initiator procaspase-
8. Subsequently, caspase-8 will lead to the proteolytic activation of caspases-3 and 7, leading

to apoptosis [24].



In the intrinsic or mitochondrial pathway, the mitochondria releases to the cytosol
several apoptotic proteins such as cytochrome C, apoptosis-inducing factor, and endonuclease
G. The latter two proteins move to the nucleus mediating chromatin condensation and DNA
fragmentation, independently of caspase signaling. Cytochrome C, on the other hand, will
originate the formation of the apoptosome which, in turn, activates the initiator caspase 9.
This initiator, like caspase-8, activates caspases-3 and 7, which trigger apoptosis. Another
mechanism is the destruction of the anti-apoptotic protein Bcl-2 present in the endoplasmic
reticulum and mitochondria [24].

Apoptotic cells also release signaling molecules into the extracellular environment that
attract phagocytic cells, which are in charge of removing the resultant apoptotic bodies,
preventing inflammation and the subsequent activation of the immune system. The
requirement that the necessary complicated cellular machinery remains functional, which
may not be the case after more aggressive PDT treatments, explains why less intense PDT

protocols favor cell death by apoptosis [25].

1.2.3.2 Necrosis

Necrosis is a type of fast degeneration of relatively large cell populations that is
characterized by cytoplasmic expansion, organelle destruction, and cell membrane
disintegration. This extracellular release of cytoplasmic contents and pro-inflammatory

mediators results in the emergence of a local inflammatory response [26].

More aggressive PDT methods with high PS and/or light dosages, as well as PS that
tend to concentrate in cell membranes, likely to favor this pathway. Necrosis has been referred
to as an uncontrollable and passive method of cell death. There is evidence, though, that signal
transduction pathways associated with the mitochondria, that can be related to apoptotic
pathways and have definite molecular effectors, can also initiate necrosis. The extent of
mitochondrial damage appears to dictate the mode of cell death, with damaged mitochondria
that are unable to produce ATP favoring necrosis [23]. As a result, controlled necrosis, a novel

theory of cell death, was developed [27].

The processes of cell death induced by PDT primarily depend on the cellular structures
that are directly impacted by oxidative stress. It appears that the autophagic pathway can be
turned on as a defense mechanism by the cell to recycle the damaged proteins and structures
in an effort to reduce oxidative damage. When cellular repair becomes impossible at a certain
level of damage, the apoptotic pathway is activated. Necrosis becomes the only method for cell
death when the PDT regimen is particularly aggressive, resulting in the destruction of the

cellular machinery required for autophagy and apoptosis and the loss of cell integrity [23].



1.2.3.3 Autophagy

Autophagy is a catabolic mechanism initiated in eukaryotic cells that allows cell
survival by removing toxic metabolites, pathogens, or damaged organelles. However, it can
also promote cell death by degradation of cellular constituents and by autodigestion [23]. This
mechanism starts with the formation of a double membrane that sequesters cytoplasmic
components and organelles, subsequently forming autophagosomes. The outer membrane of
the autophagosome fuses with a lysosome, originating an autolysosome that contains
hydrolysomes that degrade its contents [23, 28]. The contribution to cell death is still
uncertain, since under certain conditions, autophagy functions as a repairer of damaged cells,
when apoptosis is the most present mechanism, allowing a reduction in the effectiveness of
therapy. On the other hand, when apoptotic cells are destroyed by PDT, there is an increase in
autophagic activity leading to tumor destruction. However, the mechanism responsible for the

protective and the destructive activity is still unknown [28].

1.2.4 Photodynamic therapy-induced destruction of Tumor Vasculature

The enhanced vascularization that takes place in tumor tissues is one of the
characteristics of a tumor that allows it to survive, grow and disseminate through the
organism. This occurs as a result of tumor cells secreting more Vascular endothelial growth
factor (VEGF), which causes the tissue to neovascularize. This is a crucial process used by
tumors to enhance blood flow into the growing tissue. Without this phenomenon, the tumor
would not obtain enough oxygen, nutrients, and space to expel metabolic waste products. PDT
makes use of this circumstance. Some PS may accommodate in the walls of the tumor
vasculature after PS injection. The PS absorbed by the tumor vasculature's endothelial cells
will go through a similar activation mechanism when exposed to radiation. As a result, the
blood flow to the tumor tissue will be disrupted and the blood vessel walls will be destroyed.
The dense tumor tissue will then have limited nutrition and oxygen and will accumulate

metabolic waste products from the cell metabolism [29, 30].

Contrary to standard cancer treatments, tumor cells have been shown to alter their
metabolism in order to survive and proliferate in a hypoxic environment. The chemokines,
cytokines, and juxtracrine cell contacts in the tumor microenvironment will change,
stimulating the nearby normal cells, like fibroblast and endothelial cells, for survival
sustenance. This causes fibroblasts to differentiate into cancer-associated fibroblasts, creating

ECM for the tumor cells. This results in tumor recurrence and therapy resistance [31, 32].

1.2.5 Immune System Activation Following Photodynamic Therapy

The ability of tumors to avoid immunological detection by immune system cells is

another significant characteristic that helps them survive inside the body. Pathological



antigens that the immune system must be able to recognize are hidden from immune response
when cancer develops. This happens through a variety of processes, including the production
of molecules that inhibit immune cells from initiating an immunological response and the
presentation of surface molecules that have similar effects [33]. The actions of PDT directly

activate the immune system [34].

Tumor necrosis factors (TNFs) and cytokines are released as a result of cancer cell
death and release of cellular debris, which exacerbates inflammation and starts a chain
reaction of other immune response mechanisms [35]. Leukotrienes, acute phase proteins,
complement system components, histamine, granulocyte colony-stimulating factors,
prostaglandins, and numerous other chemical mediators of inflammation and immunological
reactivity are also released post-PDT cytotoxicity [36]. Additionally, after treatment, dying
tumor cells release molecules into the vascular system, such as alarming and damage-
associated molecular patterns (DAMPs) that activate the innate immune system [27, 37].
Innate immune system cells, including macrophages, dendritic cells (DCs), natural killer (NK)
cells, lymphocytes, and particularly neutrophils, are then activated as the cancer cells'

mechanism of escaping detection has been compromised.

Therefore, PDT causes not only inflammation but also immunogenic cell death. After
innate immune responses activation, there is also stimulation of the adaptive immune
response. Helper T cells, cytotoxic T cells, and regulatory T lymphocytes are some of the cells
of the adaptive immune system that are produced by antigen-presenting cells (APCs). This
occurs as a result of a process that activates the adaptive immune system to support the innate
immune system's function. Interestingly, the stimulation of the adaptive immune system
causes the creation of a long-lasting antitumor immunity that inhibits tumor spread and

prevents cancer from returning after PDT [38].

1.2.6 Photodynamic therapy as a clinical modality for cancer therapy

PDT has a number of benefits over traditional cancer therapy methods. Skin
photosensitivity is increased by first-generation PS. However, when used properly, PDT has
very few long-term negative effects. It can be done without anesthesia and is less intrusive
than surgical techniques. PDT can significantly induce tumor death by destroying the
surrounding vasculature in addition to the tumor itself [54]. The innate ability of some PS to
preferentially concentrate in tumor tissue and light irradiation only in the target tissue are the
two key elements that affect PDT's selectivity [39, 40]. Moreover, by using approaches to
improve PDT selectivity, such as nanotechnology, it is possible to use it precisely and directly
to the target tissue with minimum systemic side-effects [39].

In contrast to radiation, PDT can be performed repeatedly in the same area. After
recovery, there is little to no scarring. Additionally, it is typically less expensive than other

therapeutic methods for the treatment of cancer [54,55]. Similar to all therapeutic techniques,
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PDT has potential drawbacks. With the current state of technology, the photodynamic action
only manifests itself selectively in the irradiated site, making its application to widespread
metastases highly challenging [39].

Ineffective PDT can result from tumors surrounded by necrotic tissue or dense tumor
masses since the photodynamic impact depends on tissue oxygenation. The most crucial factor
when considering PDT as a therapeutic option is the precision of target tissue irradiation. Due
to the poor penetration of visible light into the tissue, deep tumors (which are difficult to
approach without surgical intervention) are difficult to treat [39, 41]. The advantages and

disadvantages of PDT are summarized in Table 1.

1.3 Photosensitizers

PS are compounds that may absorb light of a certain wavelength and cause
photochemical or photophysical processes. In addition to light and oxygen, PS are one of the
three essential components of PDT. PS can be either natural or manufactured. The capacity
of PS to absorb light at a specific wavelength and produce ROS enables PDT to cause chemical

or physical damage in the target cancer tissues [42].

Table 1 - Advantages and disadvantages of PDT in cancer

Advantages Disadvantages
v' Less adverse side effects x  Photosensitivity following
v Minimal intrusion. therapy.
v' Short healing time. % The precise delivery of light to
v' Available for use in the tumor 1is essential for
outpatient settings. successful treatment.
PDT for cancer | ¥ Can be used repeatedly in % For the photodynamic impact to
the same area. occur, tissue oxygenation is
v' Alittle scar, if any, following essential.
healing. % Metastatic malignancies cannot
v Less expensive than be treated with present
alternative therapies. technologies.

As with any class of medication, there are a number of qualities and circumstances that
define the optimum PS [43-45].:

e Very high chemical purity.

e Minimal cytotoxicity in the dark;

e Photosensitivity in the presence of a specific wavelength.

e High photochemical reactivity;



e Minimum absorption in the 400—600 nm range, limiting sunlight photosensitivity

e Stability at ambient temperature.

e The absorption bands should not overlap the absorption band of other chemicals
in the body (such as melatonin, hemoglobin, or oxyhemoglobin).

e Simple solubility in body tissues.

e High selectivity for tumor tissues: The PS should be gradually withdrawn from the
treated areas, remaining there for at least a few hours, but be promptly eliminated
from healthy tissues, phototoxic systemic effects.

e Low cost, straightforward synthesis, and accessibility.

1.3.1 Light

For PDT to be effective, the use of a suitable light source is necessary. The effectiveness
of the therapy will depend on whether the emission spectrum of the light source matches the
absorption spectrum of the PS [46]. Furthermore, the greater or lesser tissue penetration of a
given light source is also very important, with light with a wavelength corresponding to the
red or infrared zone being more penetrating. For wavelength values between 60onm and
1200nm lies the so-called optical window of the tissue [47]. However, not all wavelengths
within this optical window are able to trigger a photodynamic effect, as energy transfer is
required for oxygen to switch from the normal to the singlet state, which is only possible with
the use of light sources with a wavelength up to 850nm. Taking these factors into account, it
is also necessary to determine the PS action spectrum, which describes the relative efficacy for

different wavelength values [46].

Currently, light sources used in PDT belong to three major groups: broad spectrum
lamps, diodes and lasers [19], and one should always take into account the total fluence of light
to be applied, which consists of the energy rate applied to the biological tissue, the fluence rate,
the exposure time as well as the mode of delivery of the light source [47]. Broad spectrum
lamps in the early application of PDT were widely used due to their low cost and easy handling,
but on the other hand, their coupling to optical fibres to deliver light to internal organs without

decreasing efficacy is difficult [18].

Lasers and led have made a significant contribution to improve the conditions for PDT
[18]. Although LASERSs are expensive, they do offer some benefits, such as monochromaticity
and high efficiency (>90%) of coupling into single optical fibers in endoscopic, high potency,
and interstitial light delivery systems. One of the most affordable LASER systems is diode
laser. It is extremely practical and efficient, but because each photosensitizer absorbs light at
a different wavelength, a separate unit is needed for each one. In the past several years, LED
has emerged as a practical PDT technique, particularly for irradiating tissue areas that are
easily accessible. Due to their low cost and simplicity of construction into various irradiation

configurations, LED sources may be beneficial over LASER or diode LASER sources. Although
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LEDs have a fixed output wavelength like LASER diodes do, having separate sources for each

photosensitizer is less of a disadvantage because of the lower cost per watt [48].

1.3.2 Generations of Photosensitizers

Currently, PS employed in PDT are categorized based on the conceptual frameworks

and historical developments of first, second, and third generation PS.

1.3.2.1 First generation

Despite having a wide range of uses, first generation PS (the main example being HPD)
have some clinical application restrictions due to poor tissue penetration caused by maximum
absorption at a relatively short wavelength (630 nm) and low chemical purity. In addition,
since PS have a long half-life and accumulate highly in the skin, skin hypersensitivity reactions
to light may occur for several weeks following PDT. Due to the drawbacks of the first
generation of PS, research on other compounds has been carried out, which led to the creation

of the second generation of PS [49, 50].

1.3.2.2 Second generation

Studies on the upcoming class of PS started in the 1980s. Only a few of the several
hundred compounds with prospective photosensitizing characteristics had been employed in
clinical trials. Even fewer chemicals have been formally licensed for use in clinical anti-cancer
PDT. Hematoporphyrin derivatives and synthetic PS like 5-aminolevulinic acid,
benzoporphyrin derivatives, texaphyrins, thiopurine derivatives, chlorin, as well as
bacteriochlorin analogues and phthalocyanines are currently included in the group of the
second-generation PS [16, 51].

Due to their maximal absorption in the wavelength range of 650-800 nm, higher
chemical purity, a higher yield of singlet oxygen production and improved penetration to
deeply positioned tissues, second-generation PS have a higher potential for PDT applications.
They also exhibit less side-effects due to a stronger selectivity for malignant tissues and a
quicker removal of the PS from the body. The fundamental drawback of the second-generation
PS is that they are poorly soluble in water, which severely restricts their intravenous
administration and highlights the need for the development of novel drug delivery strategies
[43].

1.3.2.3 Third generation

The production of molecules with a higher affinity towards tumor tissues, which
lessens harm to nearby healthy tissues, forms the basis for the third generation of PS. The

challenge of developing a pharmacological process that would allow the parenteral injection
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of PS is another obstacle to the widespread clinical application of PDT in oncology. The
bioavailability of several PS is being effectively increased by new drug delivery [52]. The
following photodynamic treatment adjustments are utilized to improve the PS selectivity [52,
531
e Combining receptor-targeted compounds with second-generation PS;
¢ Combining PS with low-density lipoproteins since multiplying tumor cells require
more cholesterol for the formation of cell walls;
¢ Combining PS with antigen-specific monoclonal antibodies that target cancer
cells;
e The utilization of hormones, transferrin receptors, or growth factor receptors as

tumor surface indicators.

The improvement of the selectivity and PS accumulation in the affected areas, given by
these approaches provides the potential of lowering drug dosages while maintaining the
efficacy of the treatment [52, 53].

In addition, ongoing studies focus on the development of fourth generation PS, for this
a third generation PS is used and added with an encapsulated small molecule inhibitor capable
of blocking tumor survival pathways after PDT treatment to increase its general efficacy in
clinical settings and thereby prevent potential tumor recurrence. Currently, the use of PDT
and inhibitor combinations in clinical settings is restricted to the treatment of macular

degeneration, in which VEGFs inhibitors are used to prevent tumor neovascularization [52].

1.3.3 Verteporfin as a photosensitizer

Verteporfin (VP) (C,;H4.N,Os) is a derivative of a protoporphyrin, containing a
benzoporphyrin monoacid ring A, with a strong absorption peak at 690 nm (Figure 3) [54].

As a result of its poor cancer cell selectivity, this drug was quickly repositioned in the
ophthalmology sector for AMD therapy after local administration. It was originally developed
as an efficient PS for the control of cancer by PDT. FDA certification of Visudyne® for the
latter therapeutic purpose came in 2000. VP limitations include poor water solubility and
limited biopharmaceutical performance, along with limited tumor selectivity. In this context,
nanotechnologies may broaden its pharmaceutical and medical performances, ranging from
improved the drug pharmacokinetics to ameliorated selectivity and ability to mitigate tumor

resistance [54].

1.3.3.1 Verteporfin discovery and development

The discovery of VP is linked to the need to employ new PS to sharpen and improve

tumor treatment through PDT. It is a chlorin-type molecule with high chemical stability which
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can produce singlet oxygen with high efficiency [66]. It possesses every theoretical attribute
required for an efficient PDT. As a result, low power light non-thermal laser at wavelengths
that can pierce through fibrotic tissue, blood, and melanin can be used for its activation, [55].

Some studies have shown that compared to less recent PS, such as hematoporphyrin,
VP have a 4 times more effective light absorbing at 700 nm, a suitable wavelength for tissue
penetration. Therefore, VP can induce a much higher cytotoxicity than hematoporphyrin (10
times more phototoxic in human adherent cell lines) [55].

Due to these characteristics, VP has emerged as a viable and secure PDT candidate for
the treatment of cancer. Today, when paired with molecular vehicles or loaded into

nanocarriers, VP can be categorized into the third generation PS [56, 57]. Since VP is a

@]

Figure 3 - Chemical structure of Verteporfin

hydrophobic molecule, it was first loaded into liposomes. Clinical studies on the VP liposomal
formulation have identified novel therapeutic alternative applications [57, 58]. In fact,
research in 1993 showed that the newly developed lipid-based VP formulation was the ideal
choice for PDT to treat the newly developed choroidal neovascularization within the retina
brought on by AMD [59, 60]. The retina is severely damaged by AMD, a common illness that
results in visual loss as a result of genetic and environmental causes [61]. PDT for AMD
includes injecting VP, which builds up in the aberrant capillaries of the eye and is locally
activated by nonthermal light (693 nm), intravenously. In an interaction with oxygen, the
activated VP produces cytotoxic singlet oxygen and free radicals that damage vascular
endothelial cells and cause platelet aggregation, activation of the clotting cascade, and

microvascular occlusion [62].
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Twenty eight clinical facilities in Australia, North America, and Europe participated in
VP clinical trials. The purpose of the Phase I/II study was to assess the therapeutic efficacy of
VP as well as the potential for systemic or localized adverse effects and safety concerns. The
successful completion of Phase III studies in accordance with the Treatment of AMD with PDT
protocol, developed through negotiations with the FDA and European regulatory authorities,
was made possible by the positive outcomes. VP was approved under the name Visudyne® in
Switzerland at the end of 1999, and in the European Union and the United States in 2000, as
a result of the excellent results attained. VP is currently the gold standard treatment for AMD
[60].

1.3.4 Cancer treatment using verteporfin
PDT is mostly employed clinically to treat AMD [14]. After systemic delivery of a non-

toxic PS agent, PDT causes the localized death of tumoral or dysfunctional tissues and
vasculature through photochemical and photophysical reactions that culminate in the
production of ROS. In cases where a portion of the tumor was only partially removed, PDT can
be employed. Consequently, VP has been carefully examined for its extraordinary qualities as
second-generation synthetic PS for PDT in solid tumors in addition to the excellent results of
the AMD treatment [63].

VP has several beneficial characteristics for the treatment of solid tumors. After
systemic administration, VP reaches the peak of tumor tissue concentration in 1-2 h, reducing
the risk of skin photosensitivity (by 24 h), as it is quickly excreted into bile. In addition, it is
triggered by exposure to light with a wavelength of around 690 nm, which profoundly
penetrates tissues. Additionally, VP interacts with plasma lipoproteins such low density
lipoproteins because of its hydrophobic nature. Because some proteins mediate VP transport,
this circumstance may be beneficial for tumoral PDT applications. More specifically, these low
density protein receptors are overexpressed in tumor cells and vascular endothelial cells that

are associated with tumors [64].

Presently, VP-mediated PDT is being assessed in a number of oncologic clinical
investigations. PDT with VP is safe and effective, according to the findings of Phase I/II clinical
trials for the treatment of locally advanced pancreatic tumors [65]. Phase I/II of the PDT with
VP clinical investigations for the treatment of primary breast cancer revealed additional
favorable results. PDT with VP demonstrated to be a promising, secure, and minimally
invasive treatment with few side events when compared to traditional therapies even when
used under imaging guidance [63]. Despite preferentially accumulating in tumor tissue,
lipophilic PS are not truly tumor-selective substances. One popular strategy to get around this
problem is to select molecules that are overexpressed in tumors and use them as PS targets. A

recent study used the high expression of the Heat shock protein 9o on the surface of breast
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cancer cells as an exploitable target, leading to the development of a promising selective agent
for cancer PDT through the conjugation of VP and the protein small molecule inhibitor.
In this respect, the use of nanotechnological approaches is increasing the selectivity,

stability, and biopharmaceutical performances of VP PS-based drugs [64].

1.3.5 Challenges of photodynamic therapy

Although PDT cancer therapy has several advantages, it is currently not usually
properly adapted in clinical situations [42]. The majority of PDT clinical setting limitations
are related to several of the first and second generation PS drugs inherent properties including
their solubility, method of delivery, and targeted tumor tissue selectivity [39, 66]. Maximum
levels of ROS formation are necessary to ensure the overall efficacy of PDT in terms of
triggering total cell death and complete tumor destruction, and this is strongly dependent on

the concentration level and uptake of a PS in cancer cells [67].

Since only small amounts of PS drugs are able to passively accumulate in tumor
locations (due to the enhanced permeability and retention effect), non-targeted traditional PS
drug delivery systems typically have a poor PDT clinical outcome. The remaining
photosynthetic medication is either metabolized by the immune system or distributes into
healthy tissues, where it might have undesirable side-effects such patient photosensitivity or
localized healthy tissue damage [68, 69].

Additionally, the majority of second and third generation PS are hydrophobic and have
a restricted water solubility, which causes them to agglomerate after administration and
reduces ROS generation. This is a problem that frequently arises in clinical settings.
Additionally, only cells that are adjacent to the proximal location of ROS formation, or PS
localization, are directly impacted by PDT since ROS have a limited half-life. Additionally,
singlet oxygen has a very narrow radius of effect. Because of this, the bioavailability of a PS
and its extracellular and intracellular localization, as well as the overall extent of PDT-induced
cytotoxicity and photodamage, are also crucial. Additionally, the majority of PS suffer from
issues such as bioavailability, biodistribution, target specificity and poor water solubility. To
assure PS aqueous solubility, with higher tumor selectivity PS drug nanocarriers are now being
studied [68, 69].

In order to increase the effectiveness of PDT cancer treatment, PS selective delivery in
tumor cells is a key aspect in studies on drug absorption. Therefore, current research work is
focused on creating efficient PS-based third generation drug delivery systems. These targeted
drug delivery strategies should more efficiently solubilize and transport the PS within the
human body to actively target and accumulate in tumor cells and tissues with the least amount
of harm and toxicity to normal tissues. They should also promote maximum ROS generation
within tumor cells for a successful PDT [68, 70].
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VP in particular has also several limitations that limit its widespread clinical use. It is
a highly hydrophobic small molecule, meaning that it has limited solubility in aqueous
solutions, making it challenging to be administered without excipients that could have
negative side-effects. Therefore, the problem of solubility has to be further addressed in order
to employ VP as a viable treatment [71]. This poor solubility and is high tendency to aggregate
in aqueous media lead to another limitation, since only monomeric species are highly active.
Therefore, this aggregation significantly lowers its therapeutic effectiveness. Despite the fact
that this PS accumulates in cancer cells at higher amount due to the EPR effect, it also tends
to be taken up by healthy cells in significant quantities, which may lead to issues of toxicity in
healthy tissues. Thus, it is also important to evaluate porphyrins' cytotoxicity against healthy
cells and develop strategies to improve tumor selectivity and minimize healthy tissue
accumulation [72]. In this context, the development of VP-loaded nanoparticles may provide
an innovative strategy for intravenous delivery of VP that can prolong its circulation time and

enhance VP cancer cell selectivity [73].

1.4 Nanotechnology role in Photodynamic therapy

Nanotechnology, which is now applied in many fields of research, including medicine,
appears to be a promising and rapidly evolving discovery of the twenty-first century. The
National Nanotechnology Initiative defines it as using structures with a minimum size of 1—

100 nm in at least one dimension [74].

In medicine, NPs are being used as delivery systems for targeting of specific cells or as
agents in medical imaging. The primary characteristic that distinguishes NPs from bulk
materials is their size, which has an impact on their biological mobility, energy absorptions,

and chemical reaction. Additionally, NPs offer a number of benefits, including [74]:

e Enhanced drug delivery to tumor cells, which increases their anti-tumoral
effectiveness, while limiting the accumulation and subsequent toxic effects on healthy
cells.

e Enhanced drug half-live.

e Improved water solubility of hydrophobic drugs

¢ Increased drug permeation across biological barriers

e Improvement of the drug bioavailability.

Treatment of diseases, such as neoplasms, can be done more quickly and effectively
due to the use of NPs in biology and medicine. As a result, the area of oncology has been and
still is being impacted by the development of nanotechnology, raising the possibility of
adopting new, creative medicines. The synthesis of NPs opens up the possibility of delivering
active medication molecules to cells more precisely and accurately in order to achieve desired
effects while minimizing negative effects. The majority of obstacles to medicine delivery were

removed as a result of these operations. The ability of NPs to act as a form of medicine has also
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been demonstrated. Numerous research teams have been studying the use of NPs in PDT for

many years as they create new treatments [39, 75].

1.4.1 Enhancing Photosensitizers Delivery using Passive or Active

Targeting Strategies

Due to their ability to counteract some of the drawbacks that traditional PS encounter
in clinical settings, nanotechnology has been employed in combination with PDT [76]. NPs
can considerably boost the PS passive cellular uptake via the EPR effect [70].This effect allows
the NP drug carriers to cross the larger pore sizes that are present in the vasculature of tumor
cells. Additionally, a limited lymphatic filtration increases the accumulation of the PS in the
tumor region [70].

Actively functionalized PS drug delivery systems, however, are the current hot area of
research because the ultimate goal of PDT is to selectively eliminate cancer cells with little
collateral harm to surrounding normal healthy tissues. Thus, research studies have been
conducted to further functionalize PS drug delivery systems by attaching particular active
targeting moieties (biomolecules or ligands) such as antibodies, peptides, or aptamers to their
surface in order to improve tumor PS uptake selectively and sub-cellular localization [76, 77].
These moieties have a particular affinity for particular receptors that, contrary to normal cells,
are only overexpressed in the tumor cells. This is known as direct active targeting, while the
targeting of the tumor vasculature is denominated indirect active targeting. This surface
functionalization of PS drug delivery systems makes it easier for PS to accumulate and become
subcellular in tumor tissues or cells in a more effective, specific, and active manner, which
increases PDT's overall effectiveness with less harm to healthy, normal tissues [49, 76, 77].

Many different organic and inorganic nano-platforms have been investigated up to this
point for effective and focused PS medication delivery. Since NPs can overcome some of the
difficulties that conventional PS drug delivery have in terms of stability, solubility and tumor

selectivity, they also increase the effectiveness of PDT [9, 77].

Inorganic NPs include ceramics, that have good biocompatibility and allow surface
functionalization. magnetic and metallic NPs, which may have superparamagnetic properties
and can be used in theranostics , quantum dots, which can also be used as PS, having broad
excitation and limited photobleaching, among others [66].

Solid organic materials such as lipids, proteins, polysaccharides, or polymers can be
used for the production of organic NPs [78]. Liposomes, polymeric NPs (such as albumin,
hyaluronic acid, chitosan, hydrogels, polymeric micelles, dendrimers, biodegradable
polymers, and hyperbranched polymers), as well as protein-based NPs (such as albumin,
amino acids, gelatin, collagen, silk, and peptides) are examples of organic NP platforms

already studied for PDT applications [79, 80]. For the purpose of ensuring controlled and safe
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delivery, different PS have been strategically loaded into these types of NP with very
encouraging results [78, 79].

To improve biocompatibility, stabilize, and allow the PS-loaded NPs to circulate for
longer periods of time inside the organism, NPs may be covered with a polyethylene glycol
(PEG) shielding outer layer. To functionalize the surface of nanoplatforms, tumor targeting
ligand agents can be used, including monoclonal antibodies, aptamers, nucleic acids or small
molecules like peptides or their fragments. These homing ligands are linked to the surface of
NPs, allowing for active targeting of specific receptors overexpressed in cancer cells, including,
epidermal growth factor receptors (EGFR), folate receptors (FR), transferrin-receptors (TfR),
CD44, and many others, which improves PS cellular uptake [81]. One interesting example if
the targeting of the FR overexpressed in tumor cells. Folic acid (FA) is a water soluble vitamin
B molecule used for DNA synthesis and repair. Given its low cost, simple nanoparticle
conjugation, little immune system activation, and minimal impact on the pharmacokinetics of
the nanocarrier, FA surface functionalization is an appealing method for cancer active
targeting [82].

Overall, the use of NPs provides a flexible platform for PS delivery by passively or
actively targeting tumor cells. Most of these NPs benefit from minimal toxicity and could
increase the solubility of the PS as well as their accumulation within the target tumor site.
Moreover, they could provide additional benefits in the context of PDT, such as improved light
penetration and up-conversion of low-energy radiation into high-energy emission, which

speeds up the PDT destruction process in deep-seated tumors [9, 78, 79].

1.4.2 Lipid nanoparticles

Lipid nanoparticles are colloidal carriers with a lipid matrix that are solid at both room
and body temperature. They were developed in the 1990s as an alternative to polymeric NPs,
liposomes, and emulsions [83]. Lipid nanoparticles are composed of lipids, most of them
classified as generally recognized as safe (GRAS). Those include fatty acids, fatty esters, fatty
alcohols, triglycerides or partial glycerides, and waxes. These lipids are stabilized in aqueous
solution by surfactants, such as polysorbate 80, which reduce the surface tension between
water and lipids [84, 85].

For pharmaceutics and cosmetics applications, the use of lipid solid matrix as drug
carriers has a high potential since it allows for a controlled release and site-specific targeting
of active ingredients. Additionally, they exhibit good stability in vivo, offer improved drug
solubility, and effectively incorporate and distribute drugs that are both hydrophilic and

lipophilic via parenteral and non-parenteral modes of administration [84, 86].
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In addition to having good tolerability due to the biocompatible and biodegradable
nature of the ingredients utilized, lipid nanoparticles composition is based on commercially
available lipids and surfactants that have received FDA approval. Additionally, their
manufacturing procedure is inexpensive and simple, which facilitates their production in
large-scale [85, 86]. In addition, some of the production methods do not require the use of
organic solvents [85, 86].
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Figure 4 - Schematic represent of lipid nanoparticles, including SLN and NLC

1.4.3 Solid lipid nanoparticles and nanostructured lipid carriers

Solid lipid nanoparticles (SLN) are the first generation of lipid-based nanocarriers.
These NPs are created by dispersing 0.1 to 30% (w/w) of solid lipids in an aqueous media and,
if necessary, stabilizing them using a surfactant [87]. As a result, a well-structured matrix with
just a few cavities for drug encapsulation is assembled.

SLN can be divided into three drug inclusion models based on where the drugis located
inside the structure. In the solid solution model, the drug is dispersed in the lipid matrix and
has strong interactions within the lipid core. The second model, known as the drug-enriched
shell model, describes how drug molecules concentrate on an outer shell that is produced
when a drug-free lipid core is present at the surface of SLN and when the drug concentration
is near to its saturation solubility in lipid, which will result in its precipitation in the core and

the creation of a lipid covering [88].

Solid lipids such as mono-, di-, or triglycerides, fatty acids, and complex glyceride
mixes are employed as the main component and mixture of polymers or surfactants stabilizes
this lipid matrix. Site-specific targeting, physical stability over an extended period, the
potential for regulated release of both hydrophilic and lipophilic pharmaceuticals, protection
of labile chemicals, low cost, simplicity in manufacturing, and nontoxicity are just a few of the
many benefits of SLN. In contrast, SLN have some drawbacks, including a limited capacity for

drug loading and drug expulsion as a result of crystallization under storage conditions [89].

Nanostructured lipid carriers (NLC) are the second generation of lipid nanoparticles,

developed to overcome some of the limitations of the SLN In fact, the core of NLC differs from
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SLN due to the presence of both solid and liquid lipids, which improves the drug entrapment
and limits drug leaking during storage, by creating a more disordered lipid matrix with cavities

where the drug can more easily accommodate [90].

1.4.4 Production methods

Numerous different methods for the production of lipid nanoparticles have been
reported in the literature. The choice of the appropriate method is done according to the
composition and the desired characteristics of the lipid nanoparticle, as well as the properties

of the drug [91]. Some the most common synthesis methods for lipid NPs are described below.

1.4.4.1 High pressure homogenization

High-pressure homogenization (HPH) technique represents one of the most common
methods established for the production of lipid NPs. This procedure involves applying high
pressure to a liquid containing the drug's active ingredient and a lipid via a micron-sized gap,
either at high temperature (hot homogenization) or below room temperature (cold
homogenization), to produce submicron-sized particles. The drug is first dissolved or
dispersed in the lipid, which has already been melted at a temperature 5-10° over its melting
point, in both situations [92].

In the hot homogenization the lipid-drug melt is dispersed in a hot surfactant solution
and then passed through an HPH to form the emulsion that will recrystallize forming the NPs,
after cooling down. In contrast, the cold homogenization is carried out following the
solidification and breakdown of the drug-containing melted lipid into microparticles, which
are then suspended in a cold surfactant and then subjected to the HPH at room temperature.
This process results in the formation of solid lipid nanoparticles. The use of temperature-
sensitive drugs, unintended drug distribution into the aqueous phase during homogenization,
and the complexity of the nanoemulsion crystallization step, which can result in significant
modifications, are just a few of the limitations associated with the process at high temperatures
that the cold HPH solves [93].

The cold HPH overcomes some limitations regarding the process at high temperatures
such as the use of temperature-sensitive drugs, the unintentional drug dispersion into the
aqueous phase during homogenization and the difficulty of the nanoemulsion crystallization

stage, which might significantly alter the final product [92].

1.4.4.2 Microemulsion technique

The microemulsion technique allows the production of SLN dispersions by
precipitation from a heated microemulsion, a thermodynamically stable system comprising

water and a lipophilic phase, stabilized by surfactants and optionally co-surfactants [91].
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Melted lipids are combined with water and surfactant that have been heated to the same
temperature before being gently mixed. The lipid droplets harden as the generated
microemulsion is then disseminated in a cold aqueous media while being gently mechanically

mixed.

1.4.4.3 High shear homogenization and ultrasonication technique

Ultrasonication and high shear homogenization are dispersion methods. The melted
lipid is dispersed by high shear homogenization followed by ultrasonication in the warm
aqueous phase that contains surfactants to produce the lipid NP dispersions. The emulsion's
droplet size is reduced by sonication, and a lipid NP dispersion is produced by gradually

cooling the heated emulsion [92].

1.5 Aims and objectives

The objective of this research is to create an innovative two-stage treatment that
combines light energy with the PS VP encapsulated into SLN, designed to destroy cancer cells
after light activation (PDT). The encapsulation of VP was performed with the main goals of
improving its pharmacokinetics by enhancing its water solubility and improve its tumor
targeting ability, aiming to lower the drug’s non-specific accumulation, and systemic adverse

side effects.

To do so, VP-loaded SLN were produced and functionalized with FA to target the FR,
which is a recognized biomarker for tumor cells due to its overexpression on a large number
of tumors [94]. A detailed physicochemical characterization and stability study of the NPs was
then carried out. Additionally, the hemolytic activity of the nanosystem was evaluated, aiming
to verify the suitability of the nanoformulation for intravenous administration. Moreover, the
cytocompatibility of the nanosystem in dark conditions was evaluated in the reference cell line
L929. The PDT efficacy of the nanosystem was then assessed in the human breast cancer cell
line MCF-7 (used as a proof of concept), combining the PS with a LED light source at 690 nm.
Following an optimization of the different parameters of the light irradiation experiment, the
different nanoformulations and free VP in both dark and light conditions were evaluated in
their capacity to elicit cancer cell death. Additionally, the NP targeting ability, the production
of ROS and induction of cancer cell apoptosis with and without light irradiation were also

investigated.
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2 Chapter Materials and Methods

2.1 Materials

Cetyl Palmitate was kindly provided by Gatefossé (Gatefossé, France). Verteporfin,
Tween® 80, Triton™ X-100, Trypan Blue powder, Folic Acid, Triethylamine,
dicyclohexylcarbodiimide, N-hydroxysuccinimide, Sodium chloride, 2’,7’-Dichlorofluorescin
diacetate, Dimethyl sulfoxide (DMSO), Resazurin sodium salt, Dulbecco’s Phosphate Buffered
Saline 10X (PBS), Formalin solution neutral buffered 10%, and 2’,7’-Dichlorofluorescein
diacetate (DCFDA) were obtained from Sigma-Aldrich® (St Louis, MO, USA). Chloroform,
Dulbecco’s Modified Eagle’s Medium (DMEM) , 0.25% Trypsin-EDTA (1X), Penicillin-
Streptomycin (Pen Strep), and Heat Inactivated Fetal Bovine Serum (FBS) were purchased
from Gibco® by Life Technologies™ (UK). Hoechst 33342® Trihydrochloride Trihydrate were
obtained from (Invitrogen, Thermo Fisher Scientific, MA, USA). FITC Annexin V Apoptosis
Detection Kit with 7-AAD was purchased from Biolegend® (California, USA). MCF-7
(passages 77-90) was purchased from ATCC (Middlesex, UK). L929 cells (passages 18-24)
were obtained from Cell Lines Service (CLS, Eppelheim, Germany). LS-LED LED Light Source
with a 690 nm LED slide was purchased from Sarspec (Porto, Portugal)

All the weighting measurements were performed using a Kern ABT 120-5DM digital
analytical balance (Kern & Sohn; Balingen, Germany). pH measurements were obtained using
a Crison pH meter GLP22 with a Crison 52-02 tip (Crison; Barcelona, Spain). Ultra-pure water
was purified by an Ultra-pure water system (18.2 MQ cm, Healforce, Shanghai, China) by a

reverse 0Smosis process.

2.2 Production of Solid Lipid Nanoparticles

SLN were produced using the hot ultrasonication technique as previously described
[95]. Using the dispersing process known as hot ultrasonication, melted lipid-surfactant
solutions in warm aqueous phases can be ultrasonically agitated to produce lipid NP
dispersions. Sonication reduces the droplet size and the cooling of the hot emulsion results in

the formation of a lipid nanoemulsion [92].

The formulation composition used for the production of the SLN was adapted from
previous studies and comprises the solid lipid Cetyl palmitate (210 mg) and surfactant Tween®
80 (70 mg) [95]. The condensation of palmitic acid with palmityl alcohol produces the
palmitate ester known as cetyl palmitate, which is FDA-approved [96]. The FDA has
authorized the selected emulsifier Tween® 80 (Polysorbate 80), also known as polyethylene
glycol sorbitan monooleate, for the delivery of injectable, oral, and topical medications. It is a

non-ionic detergent that is often used as an emulsifier [97].
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In this procedure the lipid phase was melted above the melting point of the solid lipid
using a water bath at 70 °C (Variomag Electronicriihrer, Labortechnik, Munich, Germany).
After that, the aqueous phase (4.4 mL of ultra-pure water) pre-heated at the same temperature
was added to the lipid melt, and ultrasonically processed to make the pre-emulsion droplets
smaller using a probe sonicator (VCX130, Sonics and Material Vibra-CellTM with a CV-18
probe; 115 Newtown CT, USA) at 70% for 5 min. In order to produce SLN, the hot colloidal
emulsion was cooled to room temperature. For the production of VP-loaded SLN, 5 mg of VP

were dissolved in the lipid phase and then ultrasonically processed to create VP-loaded SLN.

The nanoformulations were then protected from light with aluminum foil (since VP is

a light-sensitive compound) and stored at 4 °C for later use.

2.3 Synthesis of  Disteroylphosphatidylethanolamine-poly
(ethylene glycol)2000-folic acid (DSPE-PEG2000-FA)
Conjugate

The synthesis of Disteroylphosphatidylethanolamine-poly(ethylene glycol)2000 folic
acid DSPE-PEG2000-FA has four main steps to compose this process: activation of Folic acid

(FA), coupling to DSPE-PEG.000NH,, purification and lyophilisation. First, 1 g of FA was

dissolved into a mixture of 40 mL of anhydrous DMSO and 0.5 mL of triethylamine (TEA) and

the mixture was stirred under anhydrous conditions in the dark overnight. The resulting

solution was then mixed with 0.5 g of dicyclohexylcarbodiimide (DCC) and 0.52 g of N-

hydroxysuccinimide (NHS) and stirred for 18h in the dark. To remove the precipitated side

product dicylcohexylurea (DCU), the solution was filtered with a 0.45 uM filter. DMSO and

TEA were evaporated under vacuum. After formation of NHS ester of folic acid (NHS-FA), the

next step was coupling to DSPE-PEG.000-NH.. This was done by addition of 2 mL of the

solution containing activated FA to 50 mg of DSPE-PEG.00-NH.dissolved in 1 mL of DMSO
followed by overnight stirring in the dark under anhydrous conditions. After that, the mixture
was evaporated under vacuum to remove DMSO and 6 mL of water were added. DSPE-

PEG2000-FA conjugate was then dialyzed against 500 mL of ultra-pure water using a dialysis

membrane (3.5 kD MWCO, SpectrumLabs, CA, USA) for 48h in order to remove unconjugated

FA. Finally, the resulting solution was lyophilized using a freeze dryer (LyoQuest —85 plus

v.407, Telstar). The obtained orange dry powder was stored at -25°C until further use [98, 99].

2.4 Production of Functionalized Solid Lipid Nanoparticles

Production of DSPE-PEG-FA functionalized SLN was performed by adding DSPE-
PEG2000-FA to the lipid phase in a ratio of 1% w/w of the total lipid mass prior to the lipid

melting.

23



2.5 Nanoparticle Characterization

2.5.1 Dynamic Light Scattering

A precise method for determining particle size and Polydispersity Index (PDI) is
dynamic light scattering (DLS), also known as photon correlation spectroscopy. This method
involves directing a laser beam through a suspension of particles, and then collecting the
dispersed light in a detector. The time-dependent variations in the intensity of the scattered
light are a result of the Brownian random motion of the particles in a liquid, and the diffusion
coefficient of the particles can be found by analyzing these variations. The average
hydrodynamic radius (dp), inversely proportional to the particles diffusion coefficients (D), is
then estimated by the Stoke-Einstein relation, where k is the boltzmann constant (Equation 1)
[100, 101]. The exact values of the liquid parameters temperature (T) and viscosity (1) must

be known in order to determine the particle size accurately.

(Equation 1)

D kT
"~ 3mndp

A particle size analyzer (Brookhaven Instruments Corporation; Software: Particle
Sizing v.5 Brookhaven Instruments; Holtsville, NY, USA) operating at a scattering angle of 90°
and at room temperature, with dust cut-off set to 30 and refractive index of 1.33 was used to
calculate the mean effective diameter size and PDI of the synthesized formulations. For each
measurement, three runs of 2 min each were completed. Samples were diluted in ultra-pure

water at a ratio of 1:400.

2.5.2 Zeta Potential

In a colloidal solution, particles frequently exhibit an electrical double layer made up
of ions drawn to the particles by their surface charges. The produced bilayer is made up of an
exterior region (diffuse layer) and an inner zone (stern layer), where the ions are less strongly
connected to the particle surface as seen in Figure 5. The zeta potential is the potential that
can be measured in a boundary when a particle acts as a single entity within the diffuse layer
[102,103]. Zeta potential is a measurement of surface charge and the electrokinetic potential
of particles in colloidal systems. Along with cellular absorption and intracellular trafficking, it

can affect particle stability[104].
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Particles need to have strong enough repelling forces to avoid aggregation. It is well
accepted that an electrostatically stable suspension requires a certain value of zeta potential
(< -30 mV). If the zeta potential of the particles is lower, surfactants must be added to increase
the electrostatic repulsions. Colloidal stability results from high positive or negative zeta
potentials larger than 30 mV. Smaller than 5 mV levels, on the other hand, can cause
agglomeration. Zeta potential is influenced by the nature of the solution, including pH and
ionic strength, in addition to the characteristics of nanoparticles. Finally, the zeta potential
may differ slightly from the surface potential of associated particles [104].

It is possible to measure the electrophoretic mobility of a suspension of particles using
the analytical method known as electrophoretic light scattering (ELS), which uses the same
fundamentals as DLS. The sample is exposed to laser light, and the dispersed light is collected
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Figure 5 - Schematic representation of zeta potential ({)

using a photodetector. ELS, on the other hand, places two electrodes within the dispersion and
generates a powerful enough electric field to ensure that electrokinetic activity prevails over
random Brownian motion. Due to the particle charge-dependent migration that occurs with a
particular velocity (mobility) towards the electrode that is oppositely charged, the frequency
of the scattered light will change. Then, using the Henry equation , frequencies are converted
into electrophoretic mobility, which is related to the particle zeta potential [102, 105]. The
equation shown below represents Henry's equation for the electrophoretic mobility p of a
spherical colloidal particle of radius a with a zeta potential ¢, where €, relative permittivity of

the medium, €, permittivity of free space and f(xa) refers to Henry’s function.

(Equation 2)

€€
U]

p=—=0f(xa)
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An electrode and a Zeta Potential Analyzer (ZetaPALS, Brookhaven Instruments
Corporation, Software: PALS Zeta Potential Analyser v.5, Brookhaven Instruments; Holtsville,
NY, USA) operating at a scattering angle of 90° at room temperature were used to measure
the zeta potential of each nanoformulation. At a ratio of 1:400, samples were diluted in ultra-

pure water. Six runs of ten cycles each were run for each measurement.

2.5.3 Encapsulation Efficiency

The determination of VP encapsulation efficiency (EE) was determined by UV-vis
spectrophotometry, by determining the concentration of drug that was not loaded into the
SLN.

In order to completely separate the SLN from the aqueous phase containing the free
VP, formulations were centrifuged (Multifuge X1R, Thermo Fisher Scientific, USA) at 3900
rpm in centrifugal filter units (Amicon® Ultra Centrifugal Filters Ultracell-50 kDa, MERK
Milipore, Ltd; Cork, Ireland) in the ratio of 1:65 using ultra-pure water for dilution (2mL).

Then the supernatant was removed and analyzed in UV-vis spectroscopy (Jasco V-660
Spectrophotometer, Software: Spectra Manager v.2, Jasco Corporation, USA) at 690 nm. This
result was compared with the calibration curve of VP to calculate the EE of VP. This calibration
curve of VP was prepared in ultra-pure water with 0.1% DMSO, using increasing known
concentrations of VP.

The amount of VP present in the supernatant was subtracted from the original amount

of VP added during the SLN production as shown by the equation below:

(Equation 3)

_ Total amount of VP — Amount of VP in the supernatant

Total amount of VP

Loading capacity (LC%) can be calculated by the amount of total entrapped drug
divided by the total nanoparticle weight. Yield in drug delivery measures the amount of drug
delivered relative to the amount of drug encapsulated and is expressed as a percentage, as

shown by the equation:

(Equation 4)

LC = Total amount of VP — Amount of VP in the supernatant

Total amount of lipid

26



2.5.4 Stability study

To evaluate the stability of the formulations over time, periodic assessments of size,
PDI, zeta potential and EE were performed over a period of 12 weeks using the two previously
described procedures, DLS and UV-vis spectroscopy respectively. All this stability tests were
made in triplicate in order to reach statistical significance. During the period of the study

nanoformulations were kept at 4°C.
2.6 Cellular studies

2.6.1 Hemolysis assay

The most frequently test used to initialize in vitro tests is the hemolysis assay. This
study was carried out to assess the SLN's hemolytic potential by monitoring the release of

hemoglobin, a marker of RBC lysis in response to drug/NP exposure [106].

To perform this assay, human blood samples from three distinct donors were kindly
donated by Servico de Hematologia from Centro Hospitalar Universitario do Porto - Hospital
de Santo Antonio. (Porto, Portugal). Prior to use, blood samples were collected into tubes
containing the anticoagulant EDTA. The plasma fraction (supernatant) that resulted from
centrifuging blood samples at 955 x g for 5 min at 4°C was taken out of the sample. After that,
the pellets containing the red blood cells (RBC) were washed three times with physiological
sterile saline solution (0.85% w/v). The last washing phase was followed by dilution in saline
solution, to obtain an RBC concentration of 4% (v/v).

The nanoformulations were then diluted in saline solution, with final concentrations
ranging from 2 to 32 uM of VP. Triton-X-100 at a concentration of 1% (v/v) and saline solution
(0.85%) were chosen as the experiment's positive and negative controls, respectively [107].

Each sample was added in triplicate into a 96-well microplate (Kartell, Noviglio, Italy)
for the test. Following the addition of 100 uL of either sample or control to the wells, 100 pL
of RBCs were then added to each well to produce the final concentrations. The plate was then
incubated at 37°C for 1h. After that, microplates were centrifuged at 955 x g for 5 min and 100
uL of the supernatant were carefully pipetted to a clear 96-well plate to measure the amount
of released hemoglobin by determining the absorbance at 540 nm (Biotek Instruments,
Winooski, VT, USA).

For the calculation of the percentage of hemolysis, control wells with 100 uL of each
nanoformulation concentration in saline solution without red blood cells were prepared for

background subtraction.

The percentage of hemolysis was calculated as follows:
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(Equation 5)

H Iysis % = Abs (sample) — Abs (negative control) 100
CMOLYSIS 70 = Ups (positive control) — Abs (negative control)

2.6.2 Cell culture

MCF-7 and L929 cells were cultured at 37°C in a 5% CO2 atmosphere (Unitherm CO2
Incubator 3503 Uniequip; Planegg, Germany) in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% Fetal Bovine Serum (FBS) 1% Penicillin- Streptomycin (Pen-Strep).
Cells were rinsed twice with DPBS and new supplemented DMEM was added to the medium
every two to three days. When cell confluence reach about 80 to 90%, cells were chemically
detached with 0.25% trypsin-EDTA, centrifuged at 300 g for 5 min (Multifuge X1R, Thermo
Fisher Scientific, USA), and then re-suspended in new media. Cells were seeded at a density
of 750000 cells per 75 cm2 flask (Tissue Culture flasks, Orange Scientific, Belgium) in
complete DMEM (10 mL). Cell counting was carried out by diluting cells at a ratio of 1:10 in
Trypan Blue solution (0.4% (w/v) in PBS), as a way to exclude non-viable cells, using a

Neubauer chamber (Improved Neubauer Bright-line, Boeco; Germany).

2.6.3 Cellular uptake visualization using Confocal laser scanning
microscopy

In the past few decades, the CLSM technique has gained popularity in the fields of
biology, biomedicine, and material sciences. Contrary to typical optical microscopes, confocal
microscopes use a spatial pinhole in front of a detector to focus the light on a certain depth
and filter out any information outside of the focal plane. In CSLM, optical sectioning is made
possible by the depth-selective laser beam used as the light source. To ensure that only the
light from the little region of the sample that is exposed to radiation is detected, the
information obtained from this focal point is projected onto a pinhole in front of the detector.
By comparing the pictures produced by conventional optical microscopy and CLSM in
reflected light mode has demonstrated the higher resolution and hence the superior quality of
the images obtained with CLSM. Finally, a CLSM scans the surface point by point to build the
image. The major advantage of CLSM over other microscopy methods is the ability to
reconstruct 2D images into 3D representations by performing this in the x-y plane for various
depths in z-direction [108].

NPs and Free VP internalization into MCF-7 cells was observed using CLSM. MCF-7
cells were cultured in supplemented DMEM at 37°C, 5% CO2 and seeded at a density of 1x104
cells per well in 8 well-u-slides (Ibitreat, Ibidi GmbH, Munich, Germany). Cells were cultured
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with free VP, functionalized and non-functionalized VP-loaded SLN (0.125 uM VP) for 3 h at
37°C and 5% CO. after 24 h. After washing with PBS three times, the cells were fixed with
formalin solution for 30 min at room temperature. After another three-strep washing with
PBS, cells were stained with Hoechst (8 uM in PBS) to mark the cell nucleus and let to sit at
room temperature in the dark for 10 min followed by washing three times with PBS. Images
of internalization of the NPs and free VP into MCF-7 cells were acquired on a Leica Stellaris 8
confocal microscope (LeicaMicrosystems, Wetzlar, Germany) equipped with the Leica
Application Suite X package (LAS X) using a Aex/Aem of 350461 nm (Hoechst 33342®) and
Aex/Aem of 650nm/690 (VP) with a resolution of 1024 x 1024 using a 63X/1.4 oil immersion
objective. CLSM studies were performed at the Imaging by confocal and fluorescence lifetime
laboratory, CEMUP, Portugal.

2.6.4 Cell viability assay

Cell viability can be assessed using different methodologies, including the Resazurin
assay, a fluorescent assay that can monitor cellular metabolic activity for up to 24-48 h. The
rationale behind this technique relies on the capacity of metabolically active cells to convert
the blue, non-fluorescent reagent resazurin into the highly fluorescent reagent resorufin. As a
result, the amount of resorufin generated and its fluorescence are directly related to the
number of metabolically active cells present in the sample. The amount of resorufin generated
is measured using a fluorometer using relative fluorescence units (RFU) [109, 110].

Lg29 and MCF-7 cell viability following incubation with the produced
nanoformulations was measured by performing a resazurin assay.

First, 1x104¢ MCF-7 and L929 cells were seeded onto 96-well tissue culture plates
(Falcon®, Becton Dickson; England) and incubated for 24 h at 37°C, 5% CO2. The SLN-VP,
SLN-VP-FA, and free-VP formulations were then diluted in DMEM to provide the following
VP concentrations: 0.5, 1, 5, 10, 20, 30, 50 uM (for the initial assay and determination of the
drug IC50) and 0.125, 0.250, 0.5, 1, and 2 pM (for the following studies). After this, cells were
exposed to 100 pL of each concentration of the two formulations and free VP, and they were
then incubated for 24 h at 37°C and 5% CO2. A positive control containing cells treated with
only DMEM was also included. Additionally, to account for background fluorescence, a control
that contained only resazurin (and no cells) was also added. After 24h of incubation 110 uL of
resazurin (10%v/vin DMEM) were added to each well. After 2h of incubation in the dark, the
supernatant was transferred to a black-well clear bottom 96 well plate and the fluorometer
(Biotek Instruments, Winooski, VT, USA) (Aex = 560 nm; Aem = 590 nm) was used to measure

the fluorescence of resorufin.

Cell viability was calculated using the following equation:

29



(Equation 6)

L Fluorescence of sample — Fluorescence of resazurin
Cell viability (%) = — — X 100
Fluorescence of positive control — Fluorescence of resazurin

For the light-irradiation experiments, MCF-7 cells were seeded at a density of 1x104
cells per well and incubated for 24h, After that, the different nanoformulation or free VP were
added to the cells and incubated for 3h followed by irradiation with a LS-LED LED Light
Source (LED slide of 690 nm) coupled to a Vis/NIR Optical fiber (50cm, 600um core diameter,
Sarspec, Porto, Portugal), at 0.57, 2.15 or 4.16 mW for 2, 5 or 10 min for the initial studies,
and 2.15 mW and 5 min for the following PDT studies. The resazurin assay was then carried
out on the following day as described before. The light fluence was estimated using the

following equation (taking into account that the light spot had an area of 0.32cm?2):

(Equation 7)

Laser Power(W) X Irradiation period(s
Fluence(J/cm?) = (W) P ©)

Well area(cm?)

2.6.5 ROS quantification assay using Flow cytometry

The main principle of flow cytometry is the single-file passage of cells in front of a laser
for detection, counting, and classification. Fluorescently marked cell parts are activated by the

laser and emit light at various wavelengths [111].

When cells are exposed to a light source one at a time, they scatter light, which is used
by flow cytometry, a multiparameter technique, which can separate cells using three direct
signals: forward scatter, side scatter and fluorescence. The cell volume can be determined by
the forward scatter's amplitude. The side scatter reveals details about the components of the
cell, such as the nuclei and granules. Fluorescence can be used to quantify any fluorescence
marker of molecule within the cell. The structural and functional cell characteristics are
associated with these signals. Contrary to other biochemical methods, which often provide the
average of a high number of cells, flow cytometry enables the investigation of a range of
organisms or particles, including complete cells, chromosomes, organelles, or protoplasts.

These measures are acquired at a sample rate of thousands of particles per second [111].

Flow cytometry can be used to perform numerous cell-based assays, including the
quantification of ROS production. The fluorescence methodology relies on the use of
appropriate probes to assess ROS production into the cells. 2’,7'—dichlorofluorescin diacetate
(DCFDA) is a fluorometric probe for the detection of H202 and one of the most common

probes than can be used to estimate ROS production. DCFDA is also a non-fluorescent,
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lipophilic, and non-ionic substance that as the ability to diffuse and cross cell membranes into
the cytoplasm. After entering into the cell, DCFDA is deacetylated by intracellular esterases,
resulting in the formation of 2’,7’-dichlorofluorescin (DCFH), a non-fluorescent molecule that
is membrane impermeable and interacts with intracellular ROS [112]. DCFH can then be
converted into the fluorescent 2’, 7’-dichlorofluorescein in the presence of ROS (DCF). The
amount of DCF fluorescence is proportional to ROS activity and can be measured by
spectrofluorometry, flow cytometry of confocal microscopy. Most often, a single measurement
of the emitted fluorescence at a single chosen time-point is made, and the result is used as a
qualitative indicator of cellular oxidative stress [112]. This quantification is a very important
assay in PDT because it is related to the mechanism of action of the PS, being the mechanism
by which cancer cells are killed.

The production ROS in MCF-7 cells induced by the nanoformulations and free VP with
and without light irradiation was quantified by flow cytometry using the DCFDA probe.
Briefly, MCF-7 cells were seeded into 96-well plates at a density of 3x104 cells per well and
cultured for 24 h. Subsequently, the different VP-loaded SLN and free VP at a concentration
of 0.25 UM of VP were added to the cells. For the light irradiation samples, after 3h of
incubation, cells were illuminated with a LS-LED LED Light Source (LED slide of 690 nm) at
2.15mW for 5 min (2 J/cm?) to activate the PS VP and elicit the production of ROS. After that,
media was removed and cells were incubated with DCFDA (10 uM in PBS) for 30 min in the
dark at 37°C. Cells were then washed twice with PBS, detached with trypsin-EDTA 0.25%
(w/v), centrifuged for 5 min at 300g, and resuspended in PBS. A BD Accuri ™ C6 flow
cytometer (BD Biosciences, Erembodegem, Belgium) was used to measure ROS, and at least
10,000 events were collected for each sample. Data were examined (BD Biosciences, Belgium)
using the BD Accuri™ C6 software.

2.6.6 Apoptosis induction assessed by flow cytometry

Annexin V, also known as annexin A5, is a member of the annexin family of
intracellular proteins which interacts with phosphatidylserine in a calcium-dependent
manner. In normal healthy conditions, phosphatidylserine is exclusively located on the
intracellular leaflet of the plasma membrane, however, when a cell enters early apoptosis, the
membrane's asymmetry is disrupted, and phosphatidylserine translocates to the external
leaflet. Annexin V that has been fluorescently labeled with Fluorescein isothiocyanate (FITC)
can then be utilized to target and distinguish apoptotic and living cells. Since annexin V
binding cannot distinguish between necrotic and apoptotic cells, the combined use of 7-amino-
actinomycin D (7-AAD) solution can give more information in this regard. Due to the passage
of these dyes into the nucleus, where they bind to DNA, early apoptotic cells will exclude 7-
AAD, whereas late stage apoptotic cells will stain positively [113].
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According to the manufacturer's instructions, the FITC Annexin V Apoptosis Detection Kit
with 7-AAD (Biolegend®, California, USA) was used to measure the amount of apoptosis that
the nanoformulations and Free VP caused in MCF-7 cells with and without light irradiation.
Briefly, MCF-7 cell were seeded in 96-well plates at a density of 3x104 cells per well and
cultured for 24 h with supplemented DMEM. Cells were then treated with the various
nanoformulations and Free VP at 0.125 uM. For the light-irradiation experiments, after
incubation with the nanoformulations for 3h, cells were illuminated with a LS-LED LED Light
Source (LED slide of 690 nm) at 2.15mW for 5 min or (2 J/cm2). Following 24 h, cells were
detached using trypsin-EDTA 0.25% (w/v), centrifuged for 5 min at 300g, and washed twice
with cold PBS. The cells were then resuspended in Annexin V binding buffer, stained with
FITC Annexin V and 7-AAD according to the manufacturer’s instructions, and incubated at
room temperature for 15 min in the dark. A BD Accuri C6 flow cytometer (BD Biosciences,
Erembodegem, Belgium) was used to measure apoptosis, and at least 10,000 events were
collected for each sample. Data were examined (BD Biosciences, Belgium) using the BD
AccuriTM C6 software.

2.6.7 Statistical analysis

Statistical analysis was performed using Graphpad Prismg Software (GraphPad
Software Inc., San Diego, CA, USA). Data were analyzed using one-way analysis of variance
(ANOVA) with Tukey's multiple comparisons test or two-way ANOVA using Tukey’s test with

a p-value <0.05 considered statistically significant. Data are expressed as mean + SD.
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3 Chapter Results and Discussion

3.1 Production of Verteporfin-loaded solid lipid nanoparticles

The nanoformulations were produced using specific amounts of lipids and a specific
production protocol that was established in a previous work [95]. After 2 weeks, a preliminary
stability test was conducted to evaluate if the NPs remained stable. Subsequently, a DSPE-
PEG2000-FA conjugate was synthesized and functionalized SLN were produced by adding the
conjugate (PEG2000-FA) to the lipid phase, at a ratio of 1% w/w of the total lipid mass. After
2 weeks both functionalized and non-functionalized SLN showed stable size, PDI, zeta
potential and EE%.

After a preliminary experiment to establish the ideal amounts of solid lipid, surfactant
and VP to maximize the EE and maintain the nanoformulations within a range of sizes suitable
for intravenous administration (200 nm), 3 different formulations were produced in
triplicate: the functionalized unloaded SLN (SLN-FA), non-functionalized VP-loaded SLN
(SLN-VP) and functionalized VP-loaded SLN (SLN-FA-VP). The obtained VP-loaded
formulations presented a homogeneous dark green color, contrasting to the milky white
appearance of the unloaded formulations. All of the nanoformulations remained

homogeneous with absence of precipitates during the period of the study.

The properties of the different nanoformulations prepared were compared to assess
the influence of VP loading and DSPE-PEG-FA functionalization on the NPs main
physicochemical characteristics and to evaluate if the NPs have adequate characteristics for

the desired purpose.

3.2 Physicochemical characterization

The produced nanoformulations were characterized in terms of size, PDI, zeta
potential, EE and LC as shown in Table 2. As the work is intended for intravenous
administration for a subsequent tumor passive accumulation, it can be said that the sizes
obtained ranging from 190 to 249 nm are suitable for that purpose [114-116]. PDI remained at
values below 0.2, suggesting that a homogenous population of NPs was obtained and it was

also evident that the size of the NPs was not greatly impacted by the functionalization [117].

Zeta potential was in the range of -25 mV for all the nanoformulations produced,
meaning that the NPs have a high stability in suspension, with a limited aggregation tendency
due to the repulsion forces induced by this highly negative surface charge [118]. No statistically
significant differences were found in this parameter for all the formulations, suggesting that

the surface functionalization and VP loading did not affect the particles stability. Very high
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values of EE were obtained for both functionalized and non-functionalized SLN, which

suggests that the developed SLN are suitable nanocarriers for VP.

Table 2 - Physicochemical characterization of the final formulations: size, PDI, zeta Potential, EE and LC.

SLN-FA SLN-VP SLN-FA-VP
Size (nm) 223 + 4 193 + 8 225 + 3
PDI 0.15 + 0.01 0.16 £ 0.02 0.18 + 0.05
Zeta Potencial (mV) -25+ 5 28 + 7 -24 + 2
EE (%) N/A 98 + 3 97+ 3
LC (%) N/A 2.34 + 0.06 2.30 + 0.06

3.3 Stability studies
To evaluate the physical stability of the nanoformulations the particle size, PDI, zeta

potential and EE were evaluated regularly over a period of 12 weeks after storage at 4°C.

The stability of size and PDI over the 12 weeks is shown in Figure 6. On A and B, all 3
SLN show small variances in terms of size and PDI, with only significant different values found
in week 8. Nevertheless, after 12 weeks, no statistically significant differences compared to the
week 0 were observed. For all of the time points studied particle size remained adequate for
intravenous administration and the values of PDI were maintained around the 0.2 value,
which is an acceptable value for lipid-based NPs, suggesting the presence of an homogeneous
NP population [117].

In terms of zeta potential (Figure 6C), there were no significant alterations during the
12 weeks period of the study, which suggest that the NPs remained stable and did not aggregate
during this period.

To evaluate the eventual release of VP of the NPs over time, the EE was also measured
periodically. As demonstrated in Figure 6D, there were no statistically significant differences
during the 12 weeks of the study with a value of EE obtained remaining higher than 95% . This
highlights the high stability of the nanoformulations for at least 12 weeks. Overall, the stability
study performed demonstrates that the nanoformulations produced are stable for at least 12

weeks.
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Figure 6- Effect of time of storage on (A) size. (B) PDI of the nanoformulations. (C) Effect of time of storage on
zeta potential of VP-loaded nanoformulations functionalized and nonfunctionalized with DSPE.PEG-FA
conjugate. (D) Effect of time of storage on EE of VP-loaded nanoformulations functionalized and
nonfunctionalized with DSPE.PEG-FA conjugate. Values represent the mean + SD (n=3), *p<0.05, **p<0.01. All
statistically significant differences are related to the values of the correspondent nanoparticles at week o.
Differences between groups were determined using two-way ANOVA followed by Dunnett’s multiple
comparations test.

3.4 Cellular studies

3.4.1 Hemolytic effect of the nanoformulations

The hemolytic potential of the SLN in concentrations ranging from 2 to 32 mg/mL of
lipid after incubation for 1h is shown in Figure 7. The RBC toxicity of SLN loaded with VP was
assessed in vitro at the same conditions previously described in the materials and methods
section. As seen in the graph, the hemolytic activity was not higher than 0.03% for all of the
nanoformulations at the range of concentrations tested (Figure 7). Taking into account that all

the values were below the 5% hemolysis reference value, the nanoformulations are considered
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non-toxic and therefore safe and suitable to be administered intravenously, according to ISO
10993-4 [119]. Therefore, these data supports that the developed nanoformulations are not

hazardous as drug carriers administered intravenously [119].
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Figure 7 - (A) In vitro hemolysis assay results for diluted human blood exposed to different concentrations (2, 4,
8, 16, 32 (uM) of Free VP and VP-loaded formulations. (B) is an amplified view of (A). Values represent mean +
SD (n=3) ), (*) denotes statistically significant differences relatively to the correspondent Free VP 16 uM (P<0.05).
Differences between groups were determined using two-way ANOVA followed by Tukey’s multiple comparations
test.

3.4.2 Nanoparticle uptake into MCF-7 cells visualized by Confocal
microscopy

To study the uptake of the NPs and get some insights on the efficacy of the active
targeting strategy, confocal microscopy was used for the visualization of MCF-7 cells following
incubation with free VP, functionalized and non-functionalized SLN for 3 h. As presented in
Figure 8, after the 3h incubation, both VP-loaded SLN and Free VP have been internalized by
MCF-7 cells, being mostly located in the cytoplasm region as seen by the red fluorescence
signal. This suggests that both SLN are able to effectively deliver VP to the cytoplasm of the
cell. As expected, no red signal was observed for the control group. The overall results
demonstrate that SLN could deliver VP to MCF-7 cells after 3h incubation, suggesting that

these incubation time-point may be explored for subsequent PDT experiments.
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Figure 8 - CLSM images of the MCF-7 cellular uptake of VP loaded SLN, Free VP and Control. Cells were
incubated with the nanoformulations for 3 h. Blue channel: Hoechst 33342 (nucleus). Red channel: VP




3.5 In vitro photodynamic therapy studies

3.5.1 Free Verteporfin dark cytotoxicity: preliminary assay
To gather information regarding the toxicity of the free VP and establish the range of

concentrations to be used in future studies a preliminary assay of the toxicity of free VP in dark
conditions in MCF-7 cells was performed using the resazurin assay. To obtain the results of
ICso the assay was done from concentrations ranging from 0.5 to 50 pM and the cell viability
was then assessed for each condition. An IC;, of 15.36 uM of Free VP (Figure 9) was obtained,
meaning from at this concentration and upwards it is expected to obtain less than 50% cell
viability, which is are not the most suitable results for an ideal dark toxicity of VP. However,
this ICs;, value is relatively high leaving room to assess the PDT of VP using lower
concentrations of VP, in which the cell remained viable as some research show ICs, with
irradiation of 0.21 uM [120].

100

IC50 15.36

Cell Viability (%)
3

0.0 075 170 1?5 2.0
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Figure 9 - Dose-response curves of MCF-7 cells incubation with free VP for 24h.

3.5.2 SLN dark cytotoxicity assessment in normal (L.929) and cancer
(MCF-7) cells
After establishing the safe concentrations of VP, the cytotoxicity induced by VP-loaded
NPs was evaluated in both L929 normal cells and MCF-7 breast cancer cell line using the
Resazurin assay. The MCF-7 cell line was chosen as a reference cancer cell line and also due to
its overexpression of the folate receptor. The L929 fibroblast cell line was also used as a normal
cell line model and since it is recommended by the ISO international standard 10993-5 for

biocompatibility assessment studies [121].

38



After incubation of the cells with NPs for 24h, the cell viability was calculated as being
directly proportional to the amount of resorufin fluorescence produced by metabolically active
cells. As shown in Figure 10, functionalized and non-functionalized nanoformulations were
non-toxic (<70%) up to a concentration of VP (2 uM) according to ISO 10993-5 [121]. No
statistically significant differences were observed in terms of cell viability reduction caused by
functionalization of SLN. This suggests that VP before being photoexcited does not produce
toxicity to both tumoral (A) and normal (B) cells at the range of concentrations tested.
However, it is noticed a slight lower viability after treatment with Free VP compared to the
NPs in the Lg29 (B), suggesting that SLN can protect the cells from some of the intrinsic
toxicity of the free VP.
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Figure 10 - MCF-7 cell viability assessed by the Resazurin assay after 24 h of exposure to the different
nanoformulations and free VP at increasing concentrations of SLN, representing the dark toxicity of the
nanoformulations and free VP. Values represent the mean + SD (n>3).

3.5.3 Cancer cell cytotoxicity upon light irradiation: parameters

optimization

In this work, a LED light source with a 690 nm LED slide, was used, attached to an
optical fiber to have a better and more precise irradiation of the MCF-7 cells. At first, to
optimize the results to the best possible extent, different irradiation times and different
irradiation intensities were tested. Three different irradiation times were evaluated: 10min,
5min and 2min, as showed in figure 11A, and three different intensities were tested: a high,
medium and a low irradiation intensity, corresponding to 3.9 J/cm2, 2 J/cm? and 0.5 J/cm2,
respectively (Figure 11B). All of these optimization assays were done using only free VP. The
time test (A) was made at high intensity (3.9 J/cm2) and the Intensity test (B) was made at 5
min irradiation time. By analyzing the time test (Figure 11) it was possible to conclude that the
5 and 10 min irradiation times were quite similar in terms of cancer cell death. Therefore, 5
min of irradiation was selected to proceed with further studies. In the case of the intensity test

it was observed that medium intensity irradiation resulted into similar outcomes to the ones
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obtained following exposure to high intensities. Therefore, irradiation with medium intensity
(2 J/ cm2) was selected for the following studies. Importantly, it was also demonstrated for all
the conditions tested that light irradiation by itself (control group) does not result in a higher

cancer cell mortality, demonstrating the safety of the light source used.

A I****I I****I I****I B
I 1 I 1 I 1 5 sk %k %k 3 3 %k %k 3 %k %k Kk
1004 —~ _ 1004 — | | — 1 ] — | ]
i ' ' ! ! = Control
- 80 =) 80 = 0.5uM
2 60 i £ 60 i = 1M
E E B 2uM
> 40+ > 40
= = + _
o 204 I |-1-| o 20
0 T = =T 0 T |. |L
2 min 5 min 10 min Low Medium High

Figure 11 - MCF-7 cell viability assessed by Resazurin assay after 24 h of exposure to the different times (A) and
different intensities (B), not exposed to light. Values represent the mean + SD (n>3) (****) denotes statistically
significant differences of p<0.0001 relatively to the correspondent Control. Differences between groups were
determined using two-way ANOVA followed by Dunnett’s multiple comparations test.

3.5.4 Assessment of the Photodynamic therapeutic effect in MCF-7 cells

The aim of this assay, which is one of the most important tests done throughout the
whole study, is to prove that VP and VP-loaded SLN can effectively induce cancer cell death

upon light irradiation, demonstrating the occurrence of PDT.

In the previous section VP was found to be non-toxic to both normal and cancer cells
in dark conditions (without the occurrence of PDT). In this assay, after a previous 3h
incubation of free VP, SLN VP and SLN-VP-FA at the same range of concentrations tested in
dark conditions, the LS-LED + fiber optic were employed to irradiate the MCF-7 cells using
the previously optimized conditions of medium intensity (2 J/cm?2) and 5 min duration. After
24 h, the resazurin assay was carried out and the obtained results of cell viability are
highlighted in Figure 12.

As presented in Figure 12, a dose-dependent cytotoxicity was obtained for all the
nanoformulations and free VP, promoting a decrease of more than 50% in cell viability with
doses of 0.5 uM or higher for the nanoformulations. For Free VP, a dose of 0.25 uM was
enough to promote a decrease of more than 50% in cell viability, which in consistent with the
literature, where Free VP IC50 was below 0.25 uM after light irradiation [120]. This is a much
lower concentration needed compared with the 13.56 uM obtained for the dark toxicity studies
previously described. This result suggests that the mechanism of action of VP as a PS is

maintained even when incorporated into SLN.

Another important aspect is the fact that Free VP promotes a higher decrease in cell
viability comparing to the corresponding functionalized and non-functionalized SLN. This

suggests that VP has a high anti-tumoral activity upon light irradiation as seen by the
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reduction of cell viability (to 40%) after incubation with the lowest concentration tested
(0.125uM) . This suggests that when incorporated into SLN the anti-tumoral effects of VP is
less accentuated, which can be related to a time-dependent release of VP from the SLN, which
makes its effects less immediate than the free VP. Additionally, SLN may enter into the cells
at a lower rate than the free VP, due to different cellular entry mechanisms. Nevertheless, after
treatment with higher concentrations, SLN ended up inducing high anti-tumoral effects, as
desired. For instance, at 2uM (which is a low concentration with a low dark toxicity) the cell
viability is less than 5% for all of the conditions tested following light irradiation. Moreover,
the use of SLN can improve the solubility of VP, limit its off-targeted systemic distribution and
improve its accumulation in the tumor region. Therefore, by incorporating VP into SLN, lower

drug dosages may be needed to induce similar anti-tumoral effects.
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Figure 12 - MCF-7 cell viability assessed by Resazurin assay after 24 h of exposure to the different
nanoformulations and free VP at increasing concentrations of SLN, exposed to light (PDT treatment). Values
represent the mean + SD (n>3). *p<0.05, **p<0.01, ****p<0.0001 denotes statistically significant differences.
Differences between groups were determined using two-way ANOVA followed by Tukey’s multiple comparations
test.
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3.5.5 Induction of apoptosis under dark and light conditions in MCF-7
cells

The triggering of apoptosis induced by each nanoformulation, and free VP was studied
using FITC Annexin V Apoptosis assay with 7-AAD. VP is having been shown to regulate the
expression of proteins involved in cell cycle progression and apoptosis by disrupting the YAP-
TEAD interaction in breast cancer cells [122]. Additionally, apoptosis is one of the mechanisms
by which PDT exerts its effects, as described in the introduction section. Therefore, in this
assay, the ability of free VP and the different nanoformulations to induce apoptosis in MCF-7
cells with (Figure 11 A) and without (Figure 12 B) light irradiation was evaluated following
incubation at a concentration of 0.125 uM of VP. At dark conditions (Figure 13 A), the
percentage of viable cells obtained was 97% for all cases, which corroborates the cell viability
assays at this concentration, suggesting a low dark toxicity for all of the conditions tested. In
contrast, in the assay of PDT (Figure 13B) a higher level of apoptosis occurred following
incubation with SLN-VP, SLN-FA-VP and free VP, comparing to the control. Early apoptosis
was almost at 15% for each SLN treatment and 40% for the Free VP, which were higher than
the 3% of apoptosis from the control group. Late apoptosis events were only observed after
treatment with free VP with 6% of cells in late apoptosis. These results are consistent with the
cancer cell toxicity assays presented in the previous section for this concentration, where the
free VP was found to exert more immediate PDT effects. This suggests once more that the
nanoformulations have less immediate anti-cancer effects than the free VP but, on the other
hand, can maintain the apoptotic effects and the PDT mechanism of action of the drug.
Overall, the apoptosis assay demonstrates that VP is more controlled in its apoptotic effects
towards MCF-7 cells after incorporation into SLN. Nevertheless, the existence of PDT is

confirmed, with clear differences in apoptosis induction between dark and light irradiated

samples.
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Figure 13 - Apoptosis of MCF-7 cells following incubation with the nanoformulations at a concentration of
0.125 uM of VP using the FITC Annexin V Apoptosis assay. Data expressed as mean + SD (n = 2). . All
statistically significant differences are the differences between each treatment and control group: Viable:
*#¥¥ B < 0.0001; early apoptosis: ++++ p < 0.0001. Differences between groups were determined using two-
way ANOVA followed by Dunnett’s multiple comparations test.
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3.5.6 Production of reactive oxygen species upon light irradiation in
MCF-7 cells

To evaluate the production of ROS upon light irradiation, a quantitative analysis was
performed by flow cytometry using 2’,7’-Dichlorofluorescein diacetate (DCFDA). DCFDA is a
cell-permeable non-fluorescent probe which is de-esterified intracellularly and turns to a
highly fluorescent compound upon oxidation, DCF [112]. Applications include sensitive and
rapid quantitation of oxygen-reactive species in response to oxidative metabolism caused by
the PDT treatment. The mean fluorescence measured within the cells with and without light

irradiation after incubation with the NPs is shown in Figure 15.

It is possible to observe a limited amount of ROS production in dark conditions for all the
treatments, once again demonstrating that this PS does not produce ROS by itself. On the
other hand, significantly higher levels of ROS were observed after light irradiation. In fact,
approximately 2-times higher fluorescence was observed for SLN-VP-FA and 3-times for Free
VP when compared with their respective assay with no light. Moreover, it was also
demonstrated that the light irradiation by itself did not induce significant levels of ROS
production, as it can be observed in the control group. These encouraging results are in
agreement with the results of the cell viability and apoptosis assays obtained earlier,

suggesting a direct correlation between ROS formation and reduction of cancer cell viability.

These findings can also be observed in figure 15 obtained with confocal microscopy, suggesting

that there is a high green signal of the DCF molecule when subjected to light irradiation.
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Figure 14 - Quantification of MCF-7 cellular uptake of VP-loaded SLN and Free VP by flow cytometry. Cells were
incubated for 3h with an equivalent concentration of 0.25 uM of VP, with no light and light. Data expressed as
mean + SD (n=2).
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4 Chapter Conclusion and Future
Prospects

In this work, SLN functionalized with DSPE-PEG-FA loaded with VP were proposed as a
drug carrier solution to improve the pharmacokinetics and delivery of VP to cancer cells,
aiming to enhance its water solubility and selectivity towards tumor cells, limiting systemic
toxic effects and maintaining the high PDT efficiency of the free drug. The strategy proposed
in this work proved to be successful, demonstrating a high tumor internalization, low dark
toxicity and a high anti-tumoral activity upon light irradiation proving the successfulness of
the PDT treatment.

SLN were produced using an organic-solvent free, low-cost production method which may
facilitate their large-scale production. SLN presented proper size for the delivery into the
bloodstream and tumor targeting by exploiting the EPR effect. VP was efficiently encapsulated
within the lipidic matrix of the NPs, showing an EE% greater than 95% that remained high for
at least 3 months. Moreover, NPs proved to be suitable for intravenous administration,
showing no toxicity to human RBCs.

SLN uptake assays conducted in MCF-7 showed that a 3 h incubation was enough to have
a high internalization into MCF-7 cells. In addition, SLN were found to have a low dark toxicity
(which was proved in both normal Lg29 cells and tumoral MCF-7 cells). The light irradiation
assays proved to be effective. In fact, all of the assays performed showed clear differences
between the non-irradiated and light irradiated samples. This shows that the mechanism of
action of VP was maintained, and that there was only toxicity upon light irradiation. The cell
viability of MCF-7 assessed after 24h exposure to the NPs and 5 min light irradiation revealed
their therapeutic efficacy for concentrations as low as 1 uM of drug. This was also corroborated
by an enhanced apoptosis and ROS production upon light irradiation. Additionally, PDT was
accomplished using an economic light source (LED source) and low light doses, which may be

beneficial in a future clinical application.

The use of nanotechnology in PDT and for VP in particular is of great interest, as it can
contribute to an enhanced drug delivery to cancer cells, limited distribution in the normal
healthy tissues while improving the drug solubility and bioavailability. The results here
highlighted suggest that the developed nanoformulation in combination with the LED light
source hold great promise for a future PDT clinical application.

For future prospects it would be interesting to study the different mechanisms of cell
entry of the free VP and VP-loaded SLN. It would also be relevant to study other time points
of cellular uptake to verify the advantage of the SLN functionalization. A quantitative assay to

measure cellular uptake could also be performed using flow cytometry, In addition, PDT
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studies with other cancer cell lines could also be carried out to ensure the versatility of this
therapeutic approach in different cancer types. Additionally, PDT can also be combined with
other treatment modalities such as chemotherapy. In this context preliminary studies have
been carried out using the drug epirubicin, an antineoplastic, acting specifically during the S
phase of cell division, inhibiting DNA and RNA synthesis, used to prevent the appearance of
metastases [123]. In the future it would be interesting to have a multimodal treatment
combining VP as PS and epirubicin as a chemotherapeutic agent, thus enhancing the efficacy
of the treatment and reducing drug dosages.

Finally, studies in healthy and disease animal models could be carried out to evaluate
the biodistribution, safety and therapeutic potential of the nanoformulations with and without

light irradiation.
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Appendix

Preliminary studied aiming to produce lipid nanoparticles for the encapsulation of
epirubicin (Figure S1) have been carried out. A calibration curve of the drug in PBS was
performed for future quantification studies, including the determination of the EE (Figure S2).
After that, various types of nanoformulations loaded with epirubicin have been produced to
evaluate which formulation was the most adequate, taking into account parameters such as
the size of the nanoparticle, the EE and its stability over time. To do so, different amounts of
Cetyl palmitate and Tween 80 were studied. In addition, NLC were also produced by
incorporating Mygliol to the nanoformulation. The evaluation of the particle diameters was
performed using both DLS and Nanoparticle tracking analysis (NTA). NTA is a system for the
determination of particle sizes ranging from 30 to 1000 nm. NTA consists of an analytical
method that combines laser light scattering microscopy with a charge-coupled device camera.
The NTA program enables the observation and tracking of individual NPs in Brownian motion
and connects the motion to a particle size using a calculation based on the Stokes-Einstein
equation, providing to be a more accurate evaluation of its real diameter [124].

NPs have been produced with a good EE and diameters below 200 nm (assessed by
DLS). Based on these results, the best formulation composition was chosen as follows: 210mg
Cetyl palmitate, 7omg Tween 80, 5mg epirubicin, 2mg DSPE-PEG-FA. The produced
nanoformulations were further characterized in terms of size, PDI, zeta potential and EE as
shown in Table S1. The sizes determined using DLS show slightly higher size than in NTA but
still within the suitable range for IV injection. PDI remained at values below 0.2, suggesting
that a homogenous population of NPs was obtained, and it was also evident that the size of the
NPs was not greatly impacted by the functionalization [117]. Zeta potential was in the range
of -11 to 3 mV in the nanoformulations produced, which is value considered neutral, which can
be attributed to the ionic strength of the PBS, used as the solvent [125]. Very high values of
EE were obtained for both functionalized and non-functionalized SLN, which suggests that

the developed SLN are suitable nanocarriers for epirubicin.
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Figure S 3 - Molecular structure of epirubicin

0,9
0,8
0,7
0,6
0,5
0,4
03

Absorbance

0,1

Epirubicin calibration curve

Ry
- v =17,224%+0,0347
R2 =0,9915
0,01 0,02 0,03 0,04 0,05

Concentration uM

Figure S 2 - Calibration curve of epirubicin in PBS pH 8.2. Linear regression was drawn, and the correlation
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of concentrations from o to 0.05 mg/mL
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Table S 1 - Physicochemical characterization of the final formulations: size, PDI, zeta potential (obtained using
DLS), and EE. Values represent the mean + SD (n=3)

SLN-FA SLN EPI SLN-FA-EPI
Size (nm) 233+ 6 265 + 2 g2
PDI 0.16 £ 0.19 0.21 + 0.01 0.14 £ 0.02
Zeta Potencial (mV) 317 -11+ 6 -7+1
EE (%) N/A 97+ 1 96 + 4
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