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1. INTRODUCTION
1.1. SOLID LIPID NANOPARTICLES (SLN)

1.1.1. Nanoparticulate systems

The concept of nanotechnology was first introduced in the 1970s, but it was during the 1980-
90s that it began to develop significantly, driven by the advances of materials science and
technology. Nanotechnologies have now applications in a wide range of fields, from medicine
and materials science to energy and electronics.

Nanomaterials, as defined by EU directives, are materials with structural components in the
nanoscale range (between 1 and 100 nm, 1 nm corresponds to 10” m). They are classified as
nano-objects when at least 50% of the total objects have at least one of their dimensions in
nanometric scale, as measured by Nanoparticle Tracking Analysis (NTA). Nanomaterials may
be considered nanostructured when their internal or external surfaces are in nanoscale.

Due to their dimensions, nanosystems exhibit physicochemical properties intermediate between
isolated molecules and macroscopic systems. Particularly useful in medical applications is their
extremely high surface to volume ratio which allows for increased drug loading and release.
Nevertheless, the high surface area, combined with the hydrophobicity of certain nanoparticles,

enhance particles opsonization and degradation reducing their circulation time in vivo.!!

Restricting our overview to nanosystems for drug delivery and nanomedicine for advanced

therapies, nanoparticles of various types can be identified. Nanoparticles (NPs) have all three

dimensions in nanoscale that are not significantly different in size; they are mainly classified

according to the material used for their synthesis: organic and bio-inspired (proteins,

carbohydrates, lipids, viral), synthetic and inorganic.!*!
e Organic and bio-inspired

These are biodegradable and generally non-toxic NPs, due to their biological nature they

are sensitive to heat and light. Apart from dendrimers, most of these NPs are based on

self-assembly, generating a dynamic system that can fuse together or reorganize.
However, sizes may sometimes exceed 100 nm and the truly nanometric definition.*!

o Liposomes — formed by self-assembly of phospholipids in a bilayer, their size

may be controlled by surfactant length and range from 20 nm to several

micrometers. They can encapsulate hydrophilic drugs in the aqueous core and

hydrophobic drugs in the lipid bilayer; the loading capacity may be increased by



synthetizing multilamellar liposomes. Functionalization and targeting can be
achieved by conjugating specific ligands or polyethylene glycol (PEG) chain to
avoid reticuloendothelial system (RES) and increase their lifespan.

o Solid-Lipid Nanoparticle (SLN) — the solid-lipid core is stabilized by surfactants
allowing for hydrophobic drug loading.

o Nanobubbles — these consist of a protein or lipid shell filled by air or nitrogen.
Their surface may be functionalized with PEG or other targeting ligands, drugs
may be conjugated or encapsulated. These theranostic systems combine drug
delivery with ultrasound imaging since the gas core provides high contrast for
this imaging technique.

Synthetic

o Polymeric — structures made from natural or synthetic polymers such as
polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA) or chitosan. Widely
used in drug delivery, imaging, and diagnostics since they can be engineered to
be biocompatible, biodegradable and capable of controlled release of drugs.
Dendrimers are a subtype of polymeric NPs: they are branched and iterative
polymers forming a single molecule with variable size, even below 10 nm. They
may be functionalized and loaded with drugs either through covalent bonds or
physical adsorption.

o Micelles — self-assembly of amphiphilic molecules (e.g. phospholipids,
surfactants) in a monolayer that in aqueous environment allows the loading of
hydrophobic drugs.

Inorganic

Typically composed of only carbon atoms, metals and ceramics. Their composition
allows for unique thermal and magnetic properties that enables applications in imaging,
photodynamic or photomagnetic therapies.

o Carbon-based — nanotubes and nanofibers are used as structural reinforcement
due to their strength, while spherical nanomaterials (fullerenes) find applications
in drug delivery and advanced therapies.

o Metal-based — silver (Ag) and gold (Au) nanoparticles and several metal oxides
such as iron oxide (Fe304), zinc oxide (ZnO) are widely used in imaging, drug
delivery and especially photothermal therapy thanks to their excellent

antibacterial and thermal properties.



o Ceramic-based — include nonmetallic solids constituted for example by silica
(Si02) or hydroxyapatite (HA), the structure may be dense or porous to load
higher quantity of drug or dye.*

o Quantum Dots (QD) — semiconductor nanocrystals, generally of toxic elements
such as cadmium (Cd) and lead (Pb), their fluorescence is dependent on particle
size and are mainly used for cells and molecules labelling and tracking.

e Nanocomposites / biohybrids
These are hybrid nanostructures that combine materials of different nature to achieve
enhanced functional properties. Nanocomposites typically combine organic and
inorganic components, such as metal, ceramic or polymers. Biohybrids integrate
biological elements (proteins, antibodies, DNA) with nanoscale materials for

biomedical or diagnostic applications.

1.1.2. Lipidic nanocarriers formulation

Lipid-base nanostructures, including liposomes, SLNs and Nanostructured Lipid Carriers
(NLCs), are generally biodegradable and biocompatible. They can encapsulate both hydrophilic
and lipophilic compounds, protecting them from chemical and enzymatic degradation; although
their physical stability can vary depending on the formulation.

Lipidic carriers can improve the biodistribution of drugs and modulate their pharmacokinetic
properties thus enhancing therapeutic effect and minimizing adverse side effects. Thanks to
their lipophilic nature, lipid NPs show advantages for clinical administration as they generally
exhibit high skin compatibility and can improve drug delivery across biological barriers, such
as stratum corneum of the skin and, with appropriate modifications, the blood-brain-barrier.
However, formulation studies are essential to investigate the drug — lipids — surfactants
interactions, as well as their mechanisms of encapsulation and release profiles to optimize

performance.

Since nanoscale lies between bulk materials and isolated molecules, two opposite synthetic
strategies may be applied and integrated. Top-down approaches are based on miniaturization
of materials produced at microscale whereas bottom-up approaches construct nanosystems

through molecular self-assembly.[!!



Liposomes, naturally occurring in organisms, are artificially engineered as vesicular delivery
systems for pharmaceutical use and drug delivery. Their phospholipid bilayer specifically
interacts with biological membranes enhancing biocompatibility and cellular uptake. However,
liposomes often display limited stability and thus a short lifespan, they can also encapsulate, at
low efficiency, mainly hydrophilic drugs.

Liposome preparation typically involves dissolving lipids in an organic solvent, removing it to
form a thin lipid film, dispersing the film in an aqueous phase to produce vesicles and reducing
their size by methods such as extrusion or sonication. A purification step may be carried out to

remove unencapsulated material or residual solvent.

Emulsions are liquid heterogeneous systems in which a continuous, external, phase and an
internal phase are stabilized by surfactants. In an oil-in-water (O/W) emulsion, hydrophobic
substance (oil) droplets are dispersed in an aqueous continuous phase.

Microemulsion (uEs) are related systems that are monodispersed, thermodynamically stable,
transparent and composed of nanometer-sized droplets (1 — 100 nm). Typically they form
spontaneously upon mixing suitable proportion lipids, surfactants, co-surfactants and water.
UEs, being stable systems with very small droplets size, are mainly used as drug delivery

systems to improve solubility and bioavailability of drugs.

Building on these concepts, in the early 1990s lipid nanoparticles emerged as a response to the
limitations of conventional colloidal carriers such as emulsions, liposomes and polymeric
nanoparticles. Researchers were searching for a system that combined the advantages of these
carriers —biocompatibility, protection of sensitive molecules, controlled release— with improved
physical stability and lower toxicity. Nevertheless, their surface can be extensively modified to

enable site specific targeting and controlled drug release.

SLNs are a first-generation of lipid NPs characterized by a solid lipid core stabilized by
surfactants, in which lipophilic drugs can be encapsulated. SLNs offer several specific
advantages over other lipidic NPs, including their low risk of biotoxicity, the ability to induce
EPR effect and the minimal to no use of organic solvents during synthesis. However, they also
present some limitations, such as relatively low drug loading capacity and the risk of burst

effect, that is an uncontrolled release of drug within the first hours of administration.
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To address these drawbacks, NLCs were developed as the second generation of lipid NPs.
Unlike SLNs, NLCs incorporate a mixture of solid and liquid lipids in the core, which creates
structural imperfections in the lipid matrix. This design is associated with increased drug
loading capacity, improved long-term stability and reduced risks of premature drug leakage or

uncontrolled release.?!

1.1.2.1. Preparation methods for lipid NPs

A brief overview of principal lipidic NPs preparation methods is presented below.

High pressure homogenization consists in a mixture of lipids, surfactants, water and drugs
forced at high pressure through very small tubes to fragment particles into nanometric size, the
process is repeated in multiple cycles. This method has been used for many years for its short
production time and easy scalability. However, a main drawback is the high temperature
reached in hot homogenization that interferes with heat-sensitive compounds.

Solvent emulsification and diffusion technique is based on the production of an O/W emulsion
in which the organic solvent of lipids is partially miscible with water, this allows for solvent
diffusion in water when the latter is added leading to the precipitation of SLNs.

Less common methods include prolonged sonication and subsequent cooling of a hot emulsion
to reduce droplets size and phase reversal technique by mixing components at high temperature

followed by cold dilution with water to form NPs. !

The pE method 1s widely used, the pE is prepared by melting lipids and heating the aqueous
phase and surfactants to the same temperature, the pE is then dispersed in cold water to obtain
SLNs.! This major drawback is the high temperature required, above the lipid melting point,
which may damage the active compounds.

The pE method issue of temperature is overcome by the application of cold dilution of uE
method, its main difference relies on the lower temperature used throughout the process.

This technique involves the preparation of an O/W pE where the internal oil phase consists of
a solution of solid lipid solubilized in a partially water miscible solvent at moderate
temperature. Both solvent and the external phase, water, are mutually saturated at room

temperature to ensure the initial thermodynamic equilibrium before use in pE formulation.
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To obtain the SLNs suspension the pUE is diluted with cold water, this allows the solvent of the
internal phase to diffuse in the aqueous phase due to its affinity for water thus precipitating the
lipid as nanoparticles. [’

The SLNs thus obtained generally have two main drawbacks: the high concentrations of

surfactants used relative to the lipid phase and the strong dilution of the final SLNs suspension.

1.1.3. SLNs main applications

SLNs find applications in pharmaceutical and medicine, as well as in the food and cosmetic
industries.

An advantage of using these nanocarriers is their easy and cheap production process, which can
be easily upscaled.

Nanometric dimensions, in contrast to microscale systems, enable intracellular targeting. Cells,
typically in the range of tens of micrometers, are generally unable to internalize microparticles
larger than 1 pm. These small dimensions also allow parenteral injections as well as oral, topical
or ocular administration.

Their application as drug delivery systems is linked to their ability to enable controlled drug

release and to increase lipophilic drug bioavailability.

Their wide use as molecule carriers is supported by their biocompatibility and lipophilicity.
These characteristics give SLNs, unlike free drugs, the ability to cross otherwise difficult
biological barriers such as blood-brain and ocular. Blood-brain barrier is a physical and
enzymatic barrier that isolates neural tissue from bloodstream to protect it, while drug delivery
to the eye is limited by the cornea, sclera and retina. SLNs can overcome these barriers and
deliver drugs, proteins, antibodies and contrast substances for imaging to both the brain and the
eye, to the anterior part by topical administration and to the posterior part by injection.
Chemotherapeutics generally have poor solubility in water, bioavailability, therapeutic index
and delivery to cells. SLNs offer the possibility to bind specific ligands to the nanoparticle
surface to enable site-specific targeted drug delivery. This strategy allows specific binding to
the appropriate receptors on cancerous cells, followed by release of the chemotherapeutic drug
into the cells. This mechanism increases drug delivery and efficacy.

Incorporation of proteins or peptides inside SLNs has allowed their efficient delivery to the

target while enhancing their stability. Examples of entrapped polypeptides are insulin,
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somatostatin and calcitonin. Antigens can also be delivered, making SLNs efficient and safe
non-viral vectors for vaccines thanks to the absence of proteins and therefore of
immunogenicity. Vaccines based on DNA, RNA and mRNA can also be administered using
SLNs, which protect the fragile mRNA from extracellular degradation.

SLNs are also used in the food industry, for example for oral administration of lipophilic,

insoluble and unstable dietary supplements such as carotenoids.l!

A different therapeutic approach, compared to drug delivery, is photodynamic therapy (PDT),
which relies on a photosensitizer molecule to generate ROS and selectively kill target cells.
Photosensitizers are often lipophilic metallic compounds with poor bioavailability and low
solubility in aqueous media, making their encapsulation in SLNs particularly advantageous
combined with the nanoparticles improved skin penetration and safety. This strategy has been
investigated by encapsulating aluminum chloride phthalocyanine in SLNs for use in topical
melanoma formulations to enable PDT.[®!

SLNs can be used in biological imaging: MRI, SPECT or optical imaging is used applying
different probes. Studies inserting fluorescent probes, such as Nile Red, in the lipidic core have
been conducted to study the cellular uptake and applicability of the model, having the dye
mimicking a therapeutic payload.”! To investigate the intracellular localization of SLNs is
necessary to have a dye that do not suffer form release from SLNs matrix. Kristl et al. have
created a personalized coumarin-derivative containing a long lipophilic chain that allows
incorporation on nanoparticle surface. This study said that the majority of SLNs localized in
the perinuclear region, common to other NPs, some SLNs also show association with actin
filaments, mitochondria. There is no co-localization with lysotracker, an indicator that SLNs

may be degraded through other mechanisms.[!%!

An advancement of both drug delivery and imaging systems has led to the development of
theranostic system, lipidic NPs are particularly appreciated in this application over other
nanoparticles mainly for their biocompatibility and safety. Metals or inorganic agents can be
inserted as MRI contrast agents as well as fluorophores for optical imaging. This application
for SLNs is however still mainly unexplored and more studies need to be conducted.!'!!

For example, SLNs-based theranostic can be used to treat rheumatoid arthritis by combining

methotrexate, an anti-inflammatory drug, a monoclonal antibody against the macrophage-
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specific receptor CD64 (overexpressed in rheumatoid arthritis) and superparamagnetic iron

oxide used as an MRI contrast agent.!?]

1.2. CYANINE DYES
1.2.1. Fluorescent dyes

Fluorescence is a radiative process in which the energy of an excited molecule is released as
electromagnetic radiation.

According to Jablonsky scheme, electrons in atoms are arranged in electronic energy levels, the
population of these levels follows Boltzmann distribution, which can simplified as

& = e(#)

0

(1)

where N and Ny are the populations of an excited and ground electronic level, AE is the energy
difference between the two levels, k is Boltzmann constant, T is temperature.

It can be assumed that at room temperature all electrons are virtually placed in the lowest
possible electronic level So (ground state).

When a molecule absorbs a high energy photon, typically in the UV-Vis range, one electron is
promoted to an excited and unstable energetic level from which it subsequentially decays.
Fluorescence decay times are in the range of 1071 — 107 seconds, thus competing with non
radiative decays such as inter-system crossing and or internal conversion, vibrational relaxation,
which occur on faster timescales. During vibrational relaxation part of the energy is dissipated
before fluorescence emission takes place. In addition, excited molecules have a different dipole
moment than in the ground state, causing the solvent to reorganize around the molecules toward
a new equilibrium configuration. This rearrangement occurs in timescales slower than
absorption but faster than fluorescence emission, stabilizing the excited molecule at a lower
energy.

Vibrational and solvent relaxation together explain why the maximum of fluorescence emission
occurs at longer wavelengths (lower energy) than the absorption maximum. This shift, called
Stokes shift, is characteristic of each fluorophore, larger Stokes shifts are preferred to avoid

effects such as re-absorption of emitted light that generate background noise.
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A dye is a molecule that exhibits strong absorption in the visible portion of the electromagnetic
spectrum thus giving bright color to its solution, a fluorescent dye can re-emit part of the
absorbed energy as fluorescence, acting as a fluorophore.!'3!

An organic fluorophore can absorb radiation due to the delocalization of electrons along its
structure.

The structural features that are necessary, but not sufficient, for a fluorophore include a rigid
conjugated m-system (e.g. vinyl groups in a chain or aromatic rings, often fused together to
increase rigidity) and the presence of an electron donating group (EDG) and an electron

withdrawing group (EWGQG).

Ideal fluorophores to be used as probes for biological optical imaging should have high molar
absorption coefficient to efficiently absorb radiation, high quantum yield (close to 1), emission
in the red region to limit tissue autofluorescence and damage, resistance to photobleaching, no

toxicity.

Synthetic fluorophores used in biological applications can be divided into classes based on their
structure. The four most common classes of commercial fluorescent dyes are coumarins,
xanthenes, BODIPY's and cyanines.!'¥!

e Coumarins are natural secondary metabolites of various plants and microorganisms,
their core scaffold is a benzo-a-pyrone with a phenol or amine substituent in position 7
which allows their use as fluorophores. The extended m-conjugated system of these
compounds is responsible for their fluorescent properties, and the base structure can be
widely modified. The conjugated system can be further enhanced by introducing EWG
on position 4 and EDG in position 6 and 7 or by fusion with additional rings such as
furan, pyran, phenyl moieties, these modifications red-shift coumarins emission.
Articles report encapsulation of coumarins inside different types of nanoparticles to
label them but their main application as fluorescent probes is for the identification of
ions and small molecules in complex matrices such as water and biological
systems.[13116]

e Xanthenes are natural secondary metabolites of plants, like coumarins, whose core
structure is a tricyclic xanthene scaffold, derived from anthracene. Hydroxy-xanthenes,

presenting an oxygen atom bridging in position 10, are chemically modified to generate

fluorescein and rhodamine, two widespread synthetic commercial dyes. Further
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substitutions with benzoic acid in position 9 and with amino, carbonyl or hydroxyl
groups in position 3 and 6, which can be protonated, introduce EWG and EDG. This
scaffold may be modified to induce red-shift of emission, this is achieved by substitution
of EDG auxochromes, or by addition of EWG achieved by switching heteroatom in
position 10 or by halogenations, however the emission is not easily tunable maintaining
high yields.!!”)

* BODIPY (boron dipyrromethene) is a class of entirely synthetic fluorophores that
exhibits many of the characteristics of ideal fluorophores and can be easily modified to
produce derivatives with different properties. The core structure consists of two pyrrole
rings connected through a methine bridge, pyrrole nitrogens coordinate a boron
substituted by two fluorine atoms, the electron-deficient boron and the electron-rich
pyrrole nitrogens together constitute the intrinsic EDG-EWG system. The emission can
be red-shifted by substitutions along the structure, however precise mechanisms of
BODIPY emission tuning are not clearly understood yet. More complex systems may
be obtained by substituting strong EWG or EDG in meso-position, allowing the entire
BODIPY core to behave as an electron donor or acceptor based on the substitution.
Their main application is in ions detection and in photodynamic therapy (upon
irradiation, dyes allow both fluorescence imaging and reactive oxygen species (ROS)
generation leading to apoptotic cell death), BODIPY can be encapsulated inside
nanoparticle however significant leakage is observed unless the dye is functionalized

with long alkyl chain.[!8111%]

1.2.2. Cyanine structure

Cyanines are a class of fluorescent dyes especially used as optical imaging probes.

Their core structure consists of two polycyclic aromatic groups (typically indoles) linked by a
polymethine bridge, the two indole nitrogens are part of a n-conjugated system.

To have fluorescent properties both nitrogens are substituted with R groups to obtain quaternary
nitrogen. The quaternized nitrogens can alternatively gain a positive charge due to electron
delocalization through the indoles and the methine bridge, the positive charged moiety (N*-R)
functions as the electron withdrawing group while the nitrogen on the other indole will serve

as the electron donor group.
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Key feature of cyanine dyes is that wavelength of absorption and emission depends on the

length of the polymethine bridge, as the methine units (-CH=) increase, the emission shifts of

approximately 100 nm to longer wavelengths.

Monomethine cyanine dyes have a single methine group bridging the terminal groups
that confers absorption and emission in the 450-470 nm range. Their main application
is in nucleic acid labeling, however due to the short-conjugated system their brightness
is lower than other cyanine.

Trimethine cyanine dyes absorb and emit efficiently in the 550-570 nm range. Their
visible-range emission allows application in biological cells and organisms imaging and
in cellular and molecular assays such as Fluorescent In-Situ Hybridization (FISH),
Polymerase Chain Reaction (PCR) and flow cytometry.

Pentamethine cyanine dyes have emission shifted to the far-red region (650-670 nm
range). This range allows for in vivo and in vitro biological applications in microscopy
and labeling, while maintaining good stability of dye.

Heptamethine have a seven-carbon bridge and exhibit emission in the near-infrared
(NIR) region with absorption peak around 750 nm and emission around 780 nm or
higher. This range is optimal for deep-tissue biological imaging; however it comes with
decreased photostability due to photooxidation and photoisomerization (light-induced
trans-cis isomerization around the polymethine bridge), this issue is reduced by making

the chain more rigid to minimize bridge flexibility.?!

Various substituents may be added to the polymethine bridge to tune dye emission, they can be

small groups, halogens or fused rings to rigidify the chain and improve stability.

Dewar theorized a set of rules to predict the effect of substituting electron donating or

withdrawing groups into the conjugated system, this is useful for rational design of cyanine

dyes since the same substituent may have opposite effect on emission based on its position.

Substituting a EWG or introducing a heteroatom in a starred position induces a hypsochromic

shift (blue-shift) or a bathochromic shift (red-shift) when in an unstarred position and vice versa

for EDG substitution.?!!

~ x Y . -
[@M"/\%ﬂ[
TN N
| |
[21]

Figure 1.1 - Dewar's rule illustration
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Starred positions correspond to odd positions in the polymethine bridge. For instance, addition
of EDG such as fluorine or methoxy group (OMe) in position 3 gives a red-shift whereas iodine

or bromine act as EWG inducing instead a blue-shift.

Cyanine dyes are highly customizable dye, not only along the polymethine bridge, but also
substituents of the terminal rings and of the nitrogens may be extensively modified to confer
respectively different photophysical and solubility properties to the dye.

Sulfonate groups (SO3°) increase cyanine polarity and solubility in water when substituted on
nitrogen or on the indoles, their presence also introduces electrostatic repulsion between
molecules reducing stacking effect and resulting in bathochromic shifts of emission.*?!

Alkyl chains of various lengths further enhance cyanine lipophilicity without affecting
wavelengths of absorption and emission.*!

One or more benzene rings can be fused to the indoles forming benzo[e]indole to red-shift
emission, even longer shifts may be obtained by alternative ring fusion to generate a
benzo[c,d]indole. These effects are due to the enhancement of conjugation on terminal

groups.[**

1.2.3. Main applications

In the early years of technology, before becoming widespread tools in biological imaging,
cyanine dyes found broad application in optical data storage systems thanks to their ability to
interact with visible and near-infrared light sensitizing various materials. From silver halide
coatings in photographic plates to coating of compact discs (CDs) to render them recordable,
all the way to modern offset lithography by coating the heat sensitive plates with NIR-sensitive

cyanine dyes which can convert laser rays to heat to produce the image on the plate.

Cyanine dyes, thanks to their versatile possibilities of structural modification, are especially
used as fluorescent markers for small molecules identification and for biological labeling and
imaging, the dye can interact with a substrate to form a complex both covalently and not.

e Non-covalent protein labeling — cyanine dye is introduced as aqueous solution in living

organisms to detect proteins to which they can bind non specifically. Water-soluble dyes
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are needed, such as cyanine modified with sulfonate groups or the commercially
available Indocyanine Green (ICG).

Covalent protein labeling — a reactive group is attached to the cyanine through a spacer,
this group (e.g. maleimide for cysteine or methionine residues) can selectively react
with the target protein through various mechanisms. The most precise labeling can be
achieved using click chemistry, which employs only non-natural functional groups to
react and avoid any off target.

Non-covalent DNA labeling — intercalation occurs when a molecule inserts itself
between DNA base pairs, fluorescent dyes that intercalate allow DNA imaging. Cyanine
dyes designed to intercalate DNA have an additional positive charge, such as a third
quaternized nitrogen, to have stronger interactions thanks to electrostatic attraction.
Covalent DNA labeling — a phosphoramidite group can be attached to the dye to react
with the free -OH at 5’-end of an oligonucleotide and selectively label it. This is used
in DNA sequencing as a safer alternative to radioactive labeling.[*!!

ROS sensing — the C2-N bond of the indole ring can be reduced to form a hydrocyanine,
ROS quickly oxidize the bond, restoring the conjugated system and thus cyanine
fluorescence. ROS levels are monitored since they are often elevated under oxidative
stress and in tumor cells.

pH sensing — cyanines with unsubstituted indole nitrogen can become fluorescent in
acidic environments upon nitrogen protonation. Alternatively, cyanines functionalized
with piperidine derivatives on the polymethine chain can shift wavelength of absorption
after protonation allowing ratiometric sensing. Detecting lower pH values is useful in
tumor identification.

Thiol sensing — thiols such as cysteine and glutathione may be dysregulated in
pathology. Thiol can react with cyanines by performing a Michael addition to eliminate
an ester substituent causing a blue-shift in emission and allowing ratiometric
monitoring, alternatively they can reduce a disulfide bond thus releasing the dye from a
pro-drug to have theranostic effect.[>"]

Fluorescence-guided surgery — water-soluble dyes, such as ICG, can bind to albumin
and therefore circulate in the bloodstream, making it visible for angiography via NIR
imaging to visualize tissue perfusion, anatomical structures and lymphatic system. [2°)
Medical diagnostic — ICG is, to date, the only FDA approved dye for direct

administration, it can be used as a fluorescent or NIR absorption agent. (7]
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Cyanine dyes are often entrapped into nanoparticles to enhance their performance in both in
vitro and in vivo applications. Entrapment leads to the creation of theranostic nanosystems that
combine advantages of nanocarriers, such as elevated cellular uptake and low toxicity, with
improved dye characteristics, as increased photostability and water solubility. These systems
are effective in drug delivery and, through targeting strategies, offer low invasive detection of
tumor location and development.

Targeted nanoparticles are frequently employed to increase therapeutic activity in the desired
target. For example, a chitosan coating provides mucoadhesive properties for application in
breast cancer cells, while functionalization with epidermal growth factor receptor ligands can
direct nanoparticles to colorectal cancer cells.

When a dye and an anticancer drug are co-encapsulated the resulting system may exhibit a
trivalent mechanism of action. The nanoparticle allows for a sustained release of drug inside
the cellular environment, while the dye can be exploited for both photodynamic therapy, leading
to ROS generation and cell death, and tumor imaging.

Nanosystems may also take advantage of high retention effects and enhanced permeability

(EPR effect) that promotes nanoparticle accumulation in tumors improving imaging sensitivity.

It is important to evaluate not only the system stability but also its biodistribution in the
organism to avoid excessive retention or off-target effects. For instance, ICG can increase
nanoparticles affinity to plasma proteins, improving biodistribution but also inducing

fluorophore leakage.*®!

1.3. THERANOSTIC

Nanotherapeutic applications in cancer treatment have proven successful in increasing
chemotherapeutic solubility and biodistribution; however, these approaches have not been
shown to be completely effective. In a study conducted by Harrington et al.[¥), the tumor uptake
of PEGylated liposomes was monitored, confirming that EPR effect alone does not guarantee
sufficient drug concentration in tumor cells for every patient and under every condition. This is
mainly due to tumor heterogenicity and the various obstacles that the tumor microenvironment

poses to NPs diffusion.
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It is increasingly clear that tumor diagnosis plays a crucial role in the precise administration of
chemotherapeutics: tumor extension, developmental stage and abnormalities identified through
diagnostic imaging are essential to determine the most effective therapeutic strategy.

It is within this perspective that theranostic emerges: it is defined as the combination of therapy
and diagnosis, where both drugs and imaging probe are co-administered -often within a single
nanoparticle- to achieve simultaneous treatment and monitoring.

This approach allows real-time tracking of treatment progress and cancer development, as well
as gathering information on drug pharmacokinetic such as the amount of drug that reaches

tumor cells, the amount of released drug and any off-site distribution.

Lipid nanoparticles (LNs) are preferred in theranostic approaches mainly thanks to their
elevated biocompatibility and safety. They also offer other advantages such as targeting
possibilities, elevated half-life in vivo and, although different based on NPs type, a generally
high encapsulation efficiency.

However, one of the major limits in developing these kinds of systems is the simultaneous
incorporation of multiple compounds inside a single NP, this is a formulation problem that may
result in high polydispersity and heterogeneity of sample. LNs also cannot be stored for
prolonged periods of time, Carregal-Romero et al.l*”) have demonstrated that once stored for
nine months, although maintaining comparable physicochemical properties, PEGylated NPs
had completely different distribution profiles in vivo.

Liposomes, among the other lipid nanocarriers, are extremely versatile in these applications:
thanks to their aqueous core they can incorporate both hydrophilic and lipophilic drugs and
contrast agents, ranging from radiolabeling with isotopes for PET imaging to gadolinium (Gd)-
based agents for MRI or quantum dots and organic fluorophores for optical imaging.

In SLNs the imaging agent is intercalated in the lipid matrix, studies have been conducted
inserting contrasting agents for MRI, technetium-99 (*™Tc) as a probe for Single Photon
Emission Computerized Tomography (SPECT) or quantum dots and other fluorophores for

optical imaging.!'!

Theranostic approaches are not limited to drug-based therapy but can also be coupled with PDT
after co-encapsulating a photosensitizer agent with an imaging probe. If a MRI probe is inserted,
the system can also be independently activated for therapy and imaging since two different

techniques are used.!'!)
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Translating the theranostic study in vivo is still very challenging and currently no clinical trials
using SLNs for theranostic purposes are registered. Although minimized using LNs, the risk of
toxicity if the theranostic agent interacts with biological tissue is still a possibility. Adsorption
of proteins on the NP surface alters the biodistribution in vivo. However, the major issues lie
in the formulation of an economic and reproducible synthetic process that can be translated in
large scale at high yield.*"

Indeed, very few nanoparticles, used just as imaging probe and not as a theranostic platform,
have currently moved to clinical settings and no one of them is a lipidic NPs. Albumin
nanocolloids radiolabeled with **™Tc¢ are used for SPECT imaging to identify sentinel lymph
nodes in various types of tumors. Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are
MRI contrasting agents, quite discontinued in favor of Gd-based agents, but with niche

applications such as in Tumor-Associated Macrophages (TAMs) identification. Microbubbles

and albumin microspheres are also approved as ultrasound contrast agents.[*!]
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2. AIM

This thesis has been developed to establish a reproducible, simple and cost-effective method to
monitor the intracellular location of solid-lipid nanoparticle (SLNs) used as drug carriers and
routinely produced in our laboratory.

Generally, fluorophores are encapsulated inside the SLN as a payload, similar to drugs. In this
work, however, the aim was to stably incorporate the fluorescent dye within the lipid matrix
itself, to reflect the fate of the carrier rather than that of an encapsulated molecule. For this
purpose, a fluorescent cyanine dye was synthesized and used to label SLNs, enabling their
intracellular tracking by fluorescence microscopy.

This project represents a formulation intended for in vitro studies designed to provide insight
into the fate of SLNs after cellular internalization, to better understand their behavior and

support the rational design of future nanocarriers.

SLNs are selected as model nanocarriers because of their biocompatibility, high stability and
ability to provide controlled and sustained drug release. Their production protocols are well-
established in our laboratory.

Cyanine dyes are chosen thanks to their high customizability, strong brightness, ease of

production and biocompatibility.

The first objective was to establish a well-assessed and reproducible SLN formulation capable
of simultaneously entrapping both the fluorescent dye and a model drug. Once optimized, these
formulations were subjected to thorough physicochemical and fluorescence characterization to
confirm their stability and performance. The final step, not reached within the timeframe of the
present work, will involve cell tests combined with microscopy analysis to determine whether
SLNs remain intact upon cellular internalization or disassemble, thus clarifying the fate of the

lipid components constituting the nanoparticles.
This work was carried out in collaboration between the Physico-Chemical Laboratory of the

University of Eastern Piedmont and the Innovative Pharmaceutical and Cosmetic Technology

and Nanotechnology (i-PHARCOTEC) Group of the University of Turin.
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3. MATERIALS AND METHODS
3.1. MATERIALS

Reagents were purchased from Sigma-Aldrich/Merck, BLD Pharma, Thermo-Fisher, Lucas
Meyer, BASF, A.C.E.F. and used as received unless otherwise specified.
Solvents were from Fisher Scientific Italia, Carlo Erba Italia, VWR Chemicals.

Ultrapure water (18 MQ-cm) was obtained from MilliQ® purification system by Millipore.

The physicochemical characterization of cyanine dye and of SLNs is performed using the
following instruments:

NMR: Bruker Avance Neo 400 (9.4T)

MS : ITon trap spectrometer Thermo Finnigan LCQ-Deca XP-PLUS

Spectrophotometer: Shimadzu UV1900

Spectrofluorometer: Jasco FP-8650

DLS: Brookhaven Instruments Corporation, 90 Plus Particle Size Analyzer

Zetameter: Malvern Zetasizer Pro

HPLC: Younglin Co., YL9100 HPLC System

Optical microscope: Leica DM 2500

Electron microscope: Field Emission Gun Electron Microscope GeminiSEM-360 from Carl

Zeiss S.p.A., Milan, Italy
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3.2. METHODS
3.2.1. Synthesis of 3-octyl-(1,1,2-trimetil-1H-benzo[e]indol-3-io) [AI1]

O CHACN O
X e
N \/Wv' N*I-

500 mg (2.39 mmol, 1 eq) of 1,1,2-trimethyl-1H-benzo[e]indole and 1.5 mL (7.88 mmol, 3.3
eq) of iodo-octane are loaded into a round-bottom flask and dissolved in 10 mL of acetonitrile.
The reaction is carried out under reflux for 20 hours in N atmosphere.

Once the reaction is completed the solution is diluted in diethyl ether and the obtained solid is
filtered under vacuum.

923 mg of a green solid are obtained.

Molecular formula: C23H32IN™

Molecular weight: 449,42 g/mol

Yield: 86.25%

'H NMR: (400 MHz, MeOH d-4, 298 K) 8(ppm) 8.35 (d, 1H), 8.27 (d,
1H), 8.19 (d, 1H), 8.03 (d, 1H), 7.83 (d, 1H), 7.74 (t, 1H), 4.65 (t, 2H),
2.05 (quint, 2H), 1.87 (s, 6H), 1.61-1.3 (m, 10H), 0.91 (t, 3H)
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3.2.2. Synthesis of [AlI2]

500 mg (1.11 mmol, 2 eq) of compound All are inserted into a round-bottom flask along with
110 mg (0.556 mmol, 1 eq) of N,N'-diphenylformamidine, 100 pL of pyridine and 10 mL of
acetic anhydride.

The reaction is carried out under reflux at 140°C, under a N> atmosphere for approximately 4
hours, the progress of the reaction is monitored by UV-Vis absorption spectroscopy until the
desired product is detected (expected Aaps in 550-600 nm range).

At completion the mixture is dissolved in dichloromethane and slowly diluted in petroleum
ether.

113 mg of a bronze friable solid that adhere to the vial walls are obtained.

Molecular formula: C47Hg1IN>

Molecular weight: 780,92 g/mol

Yield: 26%

NMR: '"H NMR: (400 MHz, MeOH d-4, 298 K) &(ppm) 8.81 (t, 1H), 8.32 (d, 2H), 8.07 (dd,
4H), 7.71 (t,2H), 7.66 (d, 2H), 7.55 (t, 2H), 6.54 (d, 2H), 4.31 (t, 4H), 2.13 (s, 12H), 1.93 (quint,
4H), 1.60-1.31 (m, 20H), 0.89 (t, 6H)

Exact mass: 780.39 g/mol (theorical), 653.48 g/mol ([M-I], found)
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3.2.3. Physicochemical characterization of AI 2 compound

3.2.3.1. Determination of molar absorption coefficient ()

Molar absorption coefficient (€) is a measure of absorption efficiency of molecules at a given

wavelength. It is an intrinsic property of chemical species and thus important for their

characterization.

Lambert-Beer law relates absorbance and concentration through the following equation:
A=¢-l-c (1D

where A is absorbance, c¢ is concentration of the sample (mol/L), € is molar absorption

coefficient (Lmol'cm™) and 1 is path length (cm).

This equation corresponds to a straight line, concentration c is the independent variable x and

el is the slope m. Plotting absorbance versus concentration the molar absorption coefficient

value can be immediately obtained as the slope of the line, given that / is fixed at 1 cm.

A stock solution of AI2 at a concentration of 10~ M in dimethyl sulfoxide (DMSO) is prepared
by solubilizing 3.9 mg of cyanine powder in 5 mL of DMSO.
Five standard solutions are prepared by performing serial dilution of the DMSO stock solution
in 10 mL of methanol. The following concentrations are chosen:

e Ci1=1x10%M

e (C>=18x10°M

e (C3=25x10°M

e C4=32x10°M

e Cs=4x10°M
For each sample the absorption spectrum is recorded over a 250-700 nm wavelength range.
Measurements are conducted at room temperature using a quartz cuvette with optical path
length of 1 cm.
Spectra are analyzed using OriginPro software to identify the maximum absorbance value of
each standard solution. These values are plotted in a -absorbance vs concentration- graph to
generate the linear regression curve by interpolation, the slope of the linear regression

corresponds to the molar absorbance coefficient.
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3.2.3.2. Determination of quantum yield using fluorescence spectroscopy

Fluoresce emission spectra are recorded using a scan speed of 10,000 nm/min, a data interval

of 1 nm, with a quartz cuvette having optical path length of 1 cm.

Quantum yield (®r) is an intrinsic property of compounds; it represents the probability that an
excited molecule will release photons via radiative processes over non-radiative decay. It is

defined as the ratio between number of emitted photons (Ngm) and number of absorbed photons

(NAbs) .

N
®F = Em
NAbs

(2)

Quantum yield of the cyanine dye was determined through comparative Williams method

whose equation is used to calculate ®r of an unknown sample by comparison to a standard

2
_ As Fstd) (Istd) Ms
(ps - (pStd (Astd) ( Fs Is nstd (3)

where A is the absorbance of the sample at excitation wavelength, F is the integrated

reference molecule: 32133

fluorescence emission intensity, I is the intensity of the exciting light and 1 is the refractive
index of the solvent.
Since analyses of both samples are carried out in the same solvent, methanol, and using the

same intensity of exciting light (same light source and same apertures), Eq. 3 can be simplified

2
; s Ista
by removing the (nstd) and ( A ) terms.
By plotting absorbance (A) against integrated area of the fluorescence spectrum (F) a linear
regression is obtained, and its slope (m) can be substituted to (i) (M)
Astd Fs
The resulting simplified equation is the following
m
by = Pyrq (—ms;) 4)

The reference molecule chosen should have well-definite quantum yield, it should be readily
available and chemically stable, and it should have similar optical properties (such as range of
absorption and emission) to that of the sample under investigation.

Rhodamine B (RhoB) is chosen as the reference, with ®r = 0.7 B34,
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RhoB stock solution is prepared at a concentration of 10 M in DMSO solubilizing 2.3 mg of
RhoB powder in 5 mL of DMSO.

Five serial dilutions are prepared in 10 mL of methanol obtaining standards within the 10/10°
7 M range. This concentration range is chosen to ensure absorbance values lower than 0.3, that
will guarantee the linear range of the analysis and prevents self-absorption (a phenomenon in
which emitted photons are reabsorbed by sample molecules reducing apparent fluorescence).
UV-Vis absorption spectra of these standards are recorded.

AI2 solutions are prepared with the same procedure and concentration range as in previous
spectrophotometric analyses, and absorption spectra are acquired.

Fluorescent spectra of RhoB and AI2 solutions are registered.

RhoB samples are excited at 500 nm and emission spectra are acquired in the 520-750 nm range.
Al2 solutions are excited at 550 nm, corresponding to the absorbance shoulder peak, emission
spectra are acquired in the 570-750 nm wavelength range. Although the wavelength of
excitation is different from that of RhoB, to obtain the maximum emission possible from each
sample, the intensity of the exciting light at the two wavelengths is comparable.

Spectra are processed using OriginPro software to integrate the fluorescence emission spectra,

thus obtaining the F values.

3.2.4. Solid Lipid Nanoparticles (SLNs) preparation
3.2.4.1. Blank SLNs formulation

Blank SLNs, as well as drug- and dye-loaded SLNs, are obtained using the cold dilution of a
microemulsion technique (refer to 1.2.2.1.) which was developed in the i-PHARCOTEC
laboratory of the University of Turin!”\. All SLNs in this work are prepared following previously
established protocols.

This technique involves the preparation of an oil/water (O/W) microemulsion (from now on,
referred as PE) employing ingredients classified as Generally Recognized As Safe (GRAS) to
ensure SLNs biocompatibility and safety for biomedical applications.

The internal lipid phase of the uE consists of trilaurin (TL), the triglyceride of lauric acid,
solubilized in ethyl acetate (EtOAc). Epikuron®200 (soy lecithin), Cremophor®, propylene
glycol (PG) are employed as surfactants and co-surfactants. MilliQ water acts as the external

continuous phase.
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As a first formulation step, MilliQ water and EtOAc are mutually saturated beforehand by
adding them in a separatory funnel at a 2:1 v/v ratio. The funnel is then shaken to allow mutual
saturation of EtOAc and water and left 24h in vertical position to allow phase separation.
Saturated water (S-water) is collected from the bottom of the funnel while the saturated EtOAc
(S-EtOAc) is collected from the top of it.

The process continues with the puE preparation. Briefly, TL is solubilized in S-EtOAc under
stirring and mild heating at approximately 50 °C. Once a clear solution is obtained
Epikuron®200 is solubilized in it applying mild heating and stirring again, until complete
dissolution. Cremophor® is added as a surfactant to obtain the internal phase of the uE, S-water
is subsequently added as the continuous phase to obtain a O/W/ system. The system is then
titrated by progressive additions of PG, used as a co-surfactant, in 50 mL increments, until
transparency is achieved indicating the formation of a stable O/W pE.

The pE is then precipitated by adding 3ml of MilliQ water all at once under stirring to obtain a
SLNs suspension.

Throughout the procedure, mild stirring refers to agitation in a test tube using a vortex
instrument.

Composition of blank SLNs is displayed in the following table.

Table 3.1- Blank SLNs composition

Ingredients Quantities
TL 60 mg
S-EtOAc) 200 pL

Epikuron®200 170 mg
Cremophor® 45 ulL
S-water 700 pL

PG 100-200 pL
MilliQ water 3 mL
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3.2.4.2. Cyanine dye-SLNs formulation

Starting from the blank formulation many tests were carried out to establish the most
reproducible protocol aiming to obtain strong and stable cyanine dye-SLNs fluorescence signal,
ease of preparation, reproducibility and an uniform and mild coloration of the final nanoparticle

suspension. For the sake of clarity, AI2 cyanine dye will be hereafter referred to as Cy3.

A stock solution of Cy3 in S-EtOAc was prepared in order to improve the molecule solubility
and to allow reproducible and precise incorporation of micrograms amounts of Cy3 into the
microemulsion. Given the very small quantities required, direct weighing would have
introduced risk of inaccuracy.

For this reason, a suitable volume of S-EtOAc have been added in a 2 mL flask to 1.6 mg of
cyanine powder to obtain a 1.0-10 M solution (Cy3 in S-EtOAc).

The protocol of preparation is the same used for blank SLNs with little adjustments.

TL is initially solubilized in plain S-EtOAc, then the planned amount of cyanine stock solution
1s added, and the procedure can progress as usual.

Four different formulations have been obtained with different volumes of cyanine stock
solution, aiming to introduce increasing amounts of Cy3 ranging from 0.013% to 0.15% w/w

relative to the total lipidic phase.

Table 3.2 - Cy3 SLNs composition

Components Quantities

TL 60 mg

Sat-EtOAc 190 puL 175l 150 uL 100 pL
Cy3 in S-EtOAc 1opL  25uL 50 pL 100 pL
Epikuron®200 170 mg

Cremophor® 45 uL

S-water 700 pL

PG 150 pL

MilliQ water 3 mL
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3.2.4.3. CURC-Cy3 SLNs formulation

Curcumin (CURC), a lipophilic drug, used as a model drug loaded in the solid lipid core, is
added to the formulation in powder form.

Two different formulations containing 2.5 mg and 5 mg of curcumin powder are prepared,
corresponding respectively to 4% and 8% of the total lipid phase. These concentrations were
previously tested in our laboratory and were known to have significant therapeutic effects and

suitable release profiles.

The protocol of preparation is the same that is used for Cy3 SLNs, CURC powder is added after
the solubilization of TL and Epikuron®200 in S-EtOAc.
With the same protocol, using 200 pL of plain S-EtOAc, CURC SLNs can be obtained as well.

Table 3.3 - CURC-Cy3 SLNs composition

Components Quantities
TL 60 mg
S-EtOAc 150 uL

Cy3 in S-EtOAc 50 uL
Epikuron®200 170 mg

CURC 25mg Smg
Cremophor® 45 uL

S-water 700 pL

PG 150 pL

MilliQ water 3 mL

3.2.5. SLNs purification
3.2.5.1. Gel filtration (GF)

Initially a phosphate-buffered saline (PBS) solution (0.1 mM, pH 7.4) is prepared by adding the
following salts to 2 liters of MilliQ water and keeping it under stirring until complete
dissolution.

Types and quantities of employed salts are:
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NaCl-8¢g

Na;HPO4(H20), - 0.16 g

KH2PO4-0.2 g

KCl-0.2¢g

An agarose column with a length of 12 cm is prepared. Agarose beads (4% B-CL, Alfa Aesar)
are poured inside the column after placing a Polyethylene (PE) Frit, 20 um porosity filter at the
bottom. Once the column is filled with agarose, at least 20 mL of PBS is introduced at the head

of the column and eluted by gravity to condition it.

Gel filtration chromatography is a purification technique based on molecule size. Smaller
particles enter agarose pores and are retained longer whereas bigger particles can flow through
and elute earlier.

Gel filtration was used to purify the SLNs suspension from free, non-incorporated, Cy3 and
CURC and from other possible impurities.

The stationary phase consisted of agarose gel, PBS was used as the mobile phase, eluent.

A volume of 250 pL of sample is loaded onto the column to be eluted by gravity; the eluent is
added 1 mL at a time, waiting for the top of the column to dry before each subsequent addition.

The fraction of interest containing SLNs is collected when the eluting drops appear opaque.

3.2.5.2.Dialysis

Dialysis is a purification technique based on molecule size and affinity for water. Small
molecules, including salts, can pass the semipermeable membrane due to passive diffusion,
depending on their size relative to the membrane pores.

Dialysis was also used to purify the SLNs suspension from free, non-incorporated, Cy3 and

CURC and from other possible impurities.

Before preparing the dialysis a piece of dry membrane is boiled until it softens allowing its
filling. 2 mL of SLNs suspension is loaded into the membrane which is then tightly closed and
placed into a stirred flask filled with 1 liter of milliQ water.

Samples of 50 pul. were collected hourly from inside the membrane to monitor compound

release and purification quality.
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Figure 3.1 - Dialysis setup

3.2.6. SLNs characterization

SLNs dispersed in water form a colloidal system, defined as a heterogeneous system of two
immiscible phases, a continuous aqueous phase and a dispersed lipid phase with dimensions in
the nanometers range.

Due to their high surface area, colloids are strongly influenced by interfacial phenomena.
While high surface tension promotes particle aggregation to reduce interfacial area and
minimize interfacial energy, surfactants counteract this effect and provide stability.

Colloidal stability is also governed by kinetic and electrostatic factors.

Brownian motion, which depends on particle size, is the random movement of particles that
induces diffusion counterbalancing sedimentation; this principle is exploited to determine
particles hydrodynamic diameter by Dynamic Light Scattering (DLS) analysis by measuring
fluctuations in scattered light.

Surface charge at the particle-water interface influences ions distribution around particles
giving rise to an electrical double layer, the potential of which -measured as zeta potential- is a

key indicator of colloidal stability.
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3.2.6.1. Determination of mean diameter using DLS

DLS is used to determine the mean hydrodynamic diameter and the polydispersity index (PDI)
of SLNs. PDI is a dimensionless measure of the width of particle size distribution, indicating
the degree of uniformity of the sample: a low PDI (close to 0) reflects a monodisperse
population with uniform particle sizes, whereas a high PDI (closer to 1) indicates a

heterogeneous, polydisperse system.

A transparent cuvette containing the sample, prepared by diluting a few drops of SLNs
suspension in MilliQ water, is placed in the instrument. A laser beam passes through the sample,
and a detector measures the fluctuations in the intensity of scattered light. These fluctuations
arise from the Brownian motion of particles in suspension; under the same temperature and
viscosity conditions, smaller particles move more rapidly, producing faster changes in scattered
light intensity.

Hydrodynamic radius (Ry,) is calculated using Stokes-Einstein equation

R = BT
h_67rnD

(5)

where B is Boltzmann constant, T and n are temperature and viscosity of the system and D is
the diffusion coefficient, obtained from the rate of intensity change of scattered light.

Measures are performed at 25°C with a 90° scattering angle.

3.2.6.2.Determination of Zeta potential

Zeta potential is a characteristic of particles that have a surface charge when dispersed in a
liquid. As previously reported, the zeta potential value is correlated with the stability of a

nanoparticulate suspension.

When particles are dispersed in a suspension, ions distribution around them changes, as
counterions migrate closer to the particle surface, forming an electrical double layer. This layer
consists of two regions: the inner region, known as Stern layer, tightly bound to the surface by
strong electrostatic interactions and the outer, diffuse region characterized by weaker

interactions.
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The zeta potential is the electrical potential measured at the shear plane, which lies within the

diffuse layer.
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Figure 3.2 - schematic representation of zeta potentiall®®

High absolute zeta potential, exceeding £ 25 mV, generates a strong electrostatic repulsion
between particles, thus preventing aggregation and conferring enhanced colloidal stability to
the suspension. In contrast, low zeta potential values indicate weaker repulsion and a higher

tendency toward particle coalescence and precipitation.

The analysis is based on the principle that charged particles placed in an electric field migrate
towards the pole with the opposite charge, indicating the sign of their surface charge, the
velocity of this movement is used to calculate the zeta potential value.

For the measurement, SLNs suspension is diluted with MilliQ water and is placed in a
specialized cuvette equipped with electrodes, inducing particle movement of the surface
charged SLNs (electrophoretic mobility). A laser beam illuminates the sample, and the scattered
light is detected; changes in the frequency of the scattered light are analyzed to determine the
velocity of particle migration. From this mobility, the zeta potential is calculated, providing an

indicator of the surface charge and stability of the colloidal system.
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3.2.6.3. Observation by fluorescence microscopy

Fluorescence microscopy is a technique where the white light source is filtered by filters that

allows only specific wavelengths to reach the sample, stimulating its fluorescence.

A fluorescent microscope is used to investigate the morphology of SLNs and the localization
of the fluorescent dye Cy3 and of the drug CURC inside the SLNs. Fluorescence microscopy
is also used to detect the presence of crystals or free (not-incorporated) Cy3 and CURC thereby
allowing the efficiency of the purification procedures through background fluorescence
assessment.

A green excitation filter is used to observe Cy3 fluorescence, which appears red. A blue
excitation filter is used instead for CURC fluorescence, which appears yellowish.

Observations are made with a 50x objective.

3.2.6.4. Entrapment efficacy

Entrapment efficacy (EE%) of Cy3 and CURC within the SLNS is tested after purification by
gel chromatography and dialysis.

Sample concentrations pre- and post-purification are obtained by high performance liquid
chromatography (HPLC) analysis.

EE% is calculated as the ratio between the concentrations measured after purification and pre

purification, multiplied by 100 to obtain the percentage.

3.2.7. SLNs fluorescence characterization

Fluorescence emission spectra are recorded at a scan speed of 10,000 nm/min with a data

interval of 1 nm, excitation and emission bandwidth are set respectively to 1 nm and 5 nm.

Four samples are analyzed: blank SLNs, Cy3 SLNs, CURC SLNs and CURC-Cy3 SLNs.
Blank SLNs and CURC-containing SLNs are excited at 450 nm to detect the maximum CURC
emission, while Cy3 SLNs are excited at 550 nm to obtain the maximum Cy3 emission.

Emission spectra are collected respectively from 460 nm and 560 nm up to 750 nm.
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Non-purified SLNs suspensions (pre-GF) are used as starting/reference material. Serial
dilutions are prepared in MilliQ water ranging from 1:25 to 1:200 (corresponding to
approximately 2.23 mg/mL to 0.28 mg/mL of SLNs suspension).

Spectra are processed using OriginPro software. Emission spectrum of blank SLNs is used as

baseline reference and subtracted from all other spectra to remove background signal.

For each sample, maximum emission intensity is plotted against concentration to assess signal

linearity and investigate the presence of possible quenching effects.
3.2.7.1. FRET test

Forster resonance energy transfer (FRET) is a physical phenomenon in which an excited donor
molecule non-radiatively transfers some of its excited-state energy to a nearby acceptor
molecule which then emits at its characteristic wavelength. The observable result is a decrease
in donor fluorescent emission intensity and an increase in acceptor emission intensity. For
FRET to occur, the two compounds forming the FRET couple must respect two conditions:
they must be close in space, in the 1-10 nm range, and the donor emission spectrum and the
acceptor excitation spectrum must significantly overlap. Because of these properties, FRET-
based biosensors using fluorophore pairs, have been applied to study molecular interactions and

dynamics inside cells.*®!

In order to investigate a possible FRET between co-encapsulated CURC and Cy3, FRET
experiment is carried out. Spectra of both CURC-Cy3 SLNs and CURC SLNs are measured by
using 450 nm as the excitation wavelength and maintaining apertures and emission wavelength
unmodified.

The FRET Efficiency (%) is calculated using the following equation

E= (1—%’*)-100 6)

where Fp is the fluorescence of the donor (CURC) in absence of the acceptor (Cy3) and Fpa is
the fluorescence of the donor (CURC) in presence of the acceptor (Cy3).
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As a control, a system where equal parts of Cy3 SLNs and CURC SLNs are mixed, is tested to
assess whether the two dyes can give any FRET signal when in the same environment but non

co-encapsulated.

3.2.8. HPLC-RP chromatographic analysis

High performance liquid chromatography (HPLC) is a qualitative and quantitative analytical
technique used to identify and quantify components in complex mixtures.

Separation occurs due to different affinity and interaction of the analytes with the stationary
phase and mobile phase: analytes with greater affinity for the stationary phase will elute later
resulting in longer retention time inside the column.

In reverse phase (RP) chromatography the stationary phase is non-polar consisting of alkyl
chain-functionalized silica, and the mobile phase is polar, generally water and organic solvents

miscible with it.

Quantitative analyses of Cy3 and CURC are performed under identical conditions for column,

eluents and flow rate although the two analytes are detected differently, the method is adapted

from Takakura et al. 7]

e Stationary phase: Tracer Excel 120, RP C8, silica 5 pm, 250 mm x 4.6 mm.

e Mobile phase: 0.1% trifluoroacetic acid (TFA) in water (5%, v/v) and 0.1% TFA in
acetonitrile (95%, v/v), isocratic elution

e Flow rate: 1 mL/min

3.2.8.1. HPLC analysis of Cy3

Cy3 is detected using a spectrofluorometric detector that excites the sample at a wavelength of
500 nm and detect emission at 603 nm, close to the maximum of fluorescence emission of the
cyanine dye. Sample is not excited at the maximum of absorbance of 589 nm to avoid out-of-
scale detection peaks. Fluorescence detection was preferred over UV-Vis detection due to its
higher sensitivity at low analyte concentrations.

Under these conditions, retention time of Cy3 is 5.4 minutes.
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Firstly, to quantify Cy3 in samples, a calibration curve must be constructed, starting from a
stock solution which is prepared by solubilizing 1.56 mg of Cy3 powder in 2 mL of DMSO in
a volumetric flask. Four serial dilutions of this stock solution are then prepared in methanol.

The retention peak area (AUC) of each standard is plotted against its Cy3 concentration and the

linear regression obtained by interpolating the points represents the calibration curve.
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Figure 3.3 - Cy3 calibration curve

The equation of the calibration line obtained from the graph is:
y = 4,549.2x + 55.384 (7)
this equation is used to calculate Cy3 concentration in the samples (x), by substituting the

experimentally measured AUC value into y.

3.2.8.2. HPLC analysis of CURC

CURC is detected using a UV-Vis spectrophotometric detector at a wavelength of 425 nm,
corresponding to the maximum of absorbance.

Retention time for CURC under these conditions is 3.2 minutes.

As in the previous paragraph, to quantify CURC in samples, calibration standards are prepared.
A stock solution is prepared by solubilizing 1.3 mg of CURC powder in 10 mL of methanol in
a volumetric flask. Serial dilutions of this stock solution are then prepared in methanol.

As for Cy3 calibration, AUC is plotted against CURC concentration to obtain the calibration

curve.
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Figure 3.4 - CURC calibration curve

Equation of the calibration line extracted from linear regression of data is:
y = 75.013x — 3.022 (8)
this equation is used to calculate CURC concentration in sample (x) by substituting the

experimentally obtained AUC value into y.

3.2.9. In vitro release test

The release of Cy3 and CURC from Cy3-CURC SLNs is evaluated using a non-equilibrium
dialysis method.
This approach allows the assessment of drug and dye release kinetics from SLNs under

controlled conditions, providing insight into their potential bioavailability and stability.

In this approach, donor and receiver compartments are aligned and arranged circularly on two
aligned rotating disks, allowing continuous stirring and efficient diffusion between
compartments. A Durapore® polymeric membrane filter with 0.1 um pores is inserted between
the disks separating each donor compartment from its corresponding receiving compartment.
The two disks are secured with screws and mounted on a shaft connected to a motor that
provides rotation at 18rpm.

The donor wells are filled with 1.5 mL of sample to test, the receiver wells are filled with 1.5

mL of a 60% ethanol in water solution.
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The analyzed sample are the following; solutions concentrations are chosen to be the same
found inside the SLNs:

e Cy3 solution (10 pg/mL) in 60% ethanol in water

e CURC solution (625 pg/mL) in 60% ethanol in water

e Cy3-CURC SLNs before gel filtration (pre-GF)

At preset time points 1.5 mL are sampled from the acceptor wells and replaced with the same
amount of fresh solution (60% ethanol in water). 1.5 mL aliquots are collected to avoid
saturation of acceptor phases.

The concentration of Cy3 and CURC in each withdrawn sample are determined by HPLC

analysis.
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4. RESULTS AND DISCUSSION

The main aim of this work was to establish a reproducible, simple and cost-effective method to
stably label solid-lipid nanoparticle (SLNs) with a fluorescent dye. These labeled SLNs were
intended to gain insight into their intracellular fate.

At the best of our knowledge, fluorophores are generally encapsulated like drugs inside the
SLNs core!, unless covalently bound to the surface, a longer and costly step. Some studies
have already developed such systems using customized dye, this is our aim as well to have a
readily available labeling system that can be self-produced.

To study the behavior of the SLNs matrix in cells, it was necessary to develop SLNs in which
the fluorophore (Cy3) is stably incorporated into the lipid matrix.

4.1. IODOCTYL-SUBSTITUTED BENZOINDOLE CYANINE DYE
4.1.1. Structure

Figure 4.1 - Cyanine structure

Cyanine absorption and fluorescent properties arise from the presence of the fluorophoric
moiety, represented by an electron-donating group and an electron-withdrawing group

connected by a m-conjugated system.

Our cyanine dye has a base structure of two benzoindole groups linked by a trimethine bridge.
To ensure better fluorescence properties, the nitrogen of both indole rings is quaternized by
substitution with alkyl groups.

An iodo-octane chain has been selected as a substituent to confer a strong lipophilic character

to the cyanine, the resulting dye is expected to exhibit low solubility and reduced fluorescence
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emission in aqueous solutions but bright fluorescence in lipid phases.*®! The long alkyl chains
were expected to intercalate into the lipid core of SLNs, with the aim of incorporating the
cyanine dye as part of the SLN structure rather than encapsulating it as a drug inside the

nanoparticles.

Each indole ring is fused to a benzene ring, forming the benzo[e]indole group, this modification
causes a red-shift of the usual abs/em spectra of trimethine cyanine dyes and helps increasing
structure rigidity and thermostability®]. The extended conjugated system enhances electron
delocalization stabilizing the structure. This results in a smaller gap between the higher
occupied molecular orbital and the lower unoccupied molecular orbital (HOMO-LUMO gap)
meaning that less energy is required to excite the molecule thus inducing a bathochromic shift
in absorption.[*’!

The resulting fluorescence emission of the cyanine dye is bright pink.

4.1.2. Synthesis

Cyanine dye synthesis is carried out in two main steps.
Firstly, compound All is obtained by quaternization of benzo[e]indole nitrogen with an iodo
octane chain. Subsequently, the corresponding cyanine dye is synthetized via a double

condensation reaction that couples two benzo[e]indole units through a methine bridge.

The N-alkylation step converts the nitrogen atom to a cationic quaternary ammonium center,
enabling the delocalization of the positive charge over the indole ring. This delocalization is
essential for the fluorescence properties of cyanine dye.

The methyl group in position 2 already shows great reactivity due to the positive charge on the
quaternary ammonium, deprotonation of methyl group by pyridine further enhances its
nucleophilicity, this allows a nucleophilic attack to the imine carbon of the methine bridge.
Acetic anhydride acetylates the ammine of the methine bridge forming an amide, that is both a
good leaving group and enhances the electrophilicity of the adjacent imine carbon.

Finally, the second benzo[e]indole group performs a nucleophilic attack on this carbon forming

the complete cyanine dye. !}
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4.1.3. Spectrophotometric properties

Absorption spectrum of AI2 sample in methanol is reported in figure 4.2.
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Figure 4.2 - Al2 absorption spectrum

The main absorption peak is observed at 589 nm, in the green-yellow region of the visible

spectrum.

The main peak corresponds to the electronic transition from the ground state to the first excited
state (So — S1), it is attributed to 1 — w* transitions along the methine bridge.

The fine structure of spectrum, visible as peaks and shoulders at wavelengths shorter than the
main absorption band, arises from vibronic transitions, thereby the possibility of observing
transitions from ground state to higher vibrational levels of excited state (e.g. So(v=0) —
Si(v=1)).

In AI2 this shoulder peak shows lower absorption intensity because, according to Franck-
Condon principle, in symmetric cyanine dye the vibrational overlap is maximal for 0 — 0
vibronic transitions. This is explained by the fact that their equilibrium geometries of ground

and excited state are very similar, #2143
The main peak at 589 nm shows a bathochromic shift to longer wavelengths compared to other

commercially available Cy3 dyes that have absorption peaks around 550 nm (e.g. Cy3-NHS

ester [*4)), this is imputable to the addition of the benzene ring to the indole that increases the
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size of the conjugated system. The alkyl chain, instead, has no measurable effect on absorption

wavelength.[?*]

From absorption spectra recorded at increasing concentrations (figure 4.3, refer to section
3.2.3.1.) the absorbance values at the maximum absorption wavelength are obtained.
The absorbance values are plotted as a function of concentration to determine the molar

absorption coefficient as the slope of the regression (Figure 4.4).
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Figure 4.4 - Calibration curve of Al2
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The equation of the linear regression is the following

y = 129,945x + 0.005 9)
indicating 129,945 Lmol'cm™ as the value of the molar absorption coefficient (g).
€ 1s a measure of a compound ability to absorb light at its maximum absorption wavelength,
AI2 shows a value within the typical range of other cyanine dyes, indicating good absorption

efficiency.

4.1.4. Spectrofluorimetric properties

Emission spectra of Al 2 are recorded from dilutions in methanol, of a stock solution in DMSO,
at increasing concentration; dilutions are maintained in the range of 10° M, to ensure
absorbance values under 0.2-0.3 a.u.

Excitation at 550 nm, corresponding to the shoulder peak, is chosen to allow for an efficient
excitation and for the acquisition of the complete emission spectrum, as a small Stokes shift is
expected.

The peak of emission is observed at 604 nm, with a Stokes shift of 15 nm. In the most
concentrated sample, the peak is slightly shifted at 606 nm, the small 2 nm red shift may be
attributed to inner filter effect that at higher concentrations causes partial reabsorption of
emitted light.

Alkyl chain substitution has no effect on emission wavelength.
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Figure 4.5 - Emission spectra of Al 2
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Quantum yield (@) which describes the efficiency of fluorescence emission is, together with &,
a defining parameter to characterize a fluorophore. Sometimes these two parameters are
combined in a single metric called Brightness that is obtained by multiplying their values, it
accounts for both the efficiency in absorbing light and in emitting it. Cyanines are known to
have good brightness values even with lower quantum yield thanks to the high ¢ that makes

them strong absorbers.[*”)

By plotting absorbance at excitation wavelength (Abs) vs integrated area of fluorescence

emission spectra (F) the quantum yield is obtained (refer to 3.2.3.2.).
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Figure 4.6 - Abs vs F plot of Cy3 and RhoB
The equations of the regressions obtained from the graph are respectively
y = 1,277,999.79x — 349.15 (RhoB) (10)
y = 96,138x + 5,095.6 (Cy3) (11)

The slope of the regressions is an indicator for fluorescence efficiency of Cy3 sample and of
RhoB reference standard, the steep slope of RhoB indicates a very high fluorescence efficiency
whereas Cy3 has a much lower efficiency.

The quantum yield calculated for Cy3 is 5.26%.

This value is relatively low for a fluorescent dye, however a low quantum yield is not
uncommon for cyanine dyes. Furthermore, our cyanine dye will be incorporated into

nanoparticles the resulting quantum yield is expected to increase: encapsulation of dyes into a
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solid matrix is, in fact, known to enhance fluorescence efficacy. This effect is partly due to the
high local concentration of dye molecules within each nanoparticle (NP) and partly related to
the encapsulation itself, the NP rigid matrix can restrict molecular vibrations and rotations, thus

reducing non-radiative decays that compete with fluorescence emission.[**)
4.2. PREPARATION AND CHARACTERIZATION OF SLN

Initial attempts to formulate Cy3 SLNs involved direct addition of 0.3 mg of Cy3 powder to the
formulation after solubilizing Epikuron®200. However, Cy3 did not completely solubilize and
the resulting uE could not be obtained. The SLNs obtained under these conditions exhibited
excessive background fluorescence and irregular morphology, leading to the formulation being

discarded.

Subsequent formulations were prepared using different volumes of the Cy3 in S-EtOAc stock
solution. The formulation containing 100 pL of stock solution is discarded because the UE is
not obtained and because the final color of the suspension and its fluorescence was too bright.
The formulations containing 10 and 25 pL of stock solution were also discarded since their
color is too faint as can be appreciated in Figure 4.7 (B). Indeed, given that the SLNs suspension
must be diluted 1:100 prior to administration, these formulations were expected to yield
insufficient fluorescence intensity.

The formulation containing 50 pL of Cy3 stock solution demonstrated an appropriate balance
between fluorescence intensity and visual appearance and successfully formed a pE as seen in
Figure 4.7 (A). The concentration of Cy3 added, considering a final volume of the suspension

of 4 mL, is 10 pg/mL Therefore, this composition was selected for further studies.

Figure 4.7 - (A) Cy3 uE, (B) Cy3 SLNs suspension from left to right containing 10, 25, 50, 100 uL of stock solution and
0.3 mg of cyanine powder.
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The CURC-Cy3 SLNs formulation containing 50 pL. of Cy3 in S-EtOAc stock solution (39 ug)
and 2.5 mg of CURC is selected over the formulation with 5 mg of CURC based on the visual
appearance of the final SLNs suspension (Figure 4.8 (A) and (B)) and its background

fluorescence intensity.

Figure 4.8 - (A) CURC-Cy3 uE, (B) CURC-Cy3 SLNs suspension.

The initial confirmation of SLNs formation is performed by DLS which verify the presence of
nanometric structures.

Encapsulation of Cy3 and CURC is further assessed by fluorescence microscopy. Using
different filters to detect each compound (Cy3 and CURC), SLNs appeared as bright fluorescent
spots; when the same SLN is visible under both filters, this indicates the co-encapsulation of

Cy3 and CURC within the same nanoparticle, as indicated by Figure 4.9.

Figure 4.9 - Images of fluorescence microscopy. Circled, some of the SLNs visible in both conditions, indicating co-
encapsulation of both drugs. (A) Green filter excitation to detect red Cy3 emission. (B) Blue filter excitation to detect
yellow CURC emission.
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Field Emission Scanning Electron Microscopy (FESEM) is an electronic microscopy technique
that we used to obtain clear 3D images of nanoparticles.

Due to technical issue in the preparation of the samples, FESEM imaging was not optimal, as
the samples resulted contaminated by non-structured organic matter maybe as a results of the
use of contaminated water for the dilution of the SLNs during the preparation of the sample.
Nevertheless, in the FESEM images reported in Figure 4.10, some roundish particles (ca. 100
nm) of CURC-Cy3 SLNs (Figure 4.10 (A)) and of Cy3 SLNs (Figure 4.10 (B)).

Mag = 200.00 KX Detector = inLens High Current = Off ZEISS
WD = 2.7 mm EHT = 5.00 kV Aperture Size = 20.00 um

Mag = 50.00 KX Detector = inLens High Current = Off ZEISS]
WD = 2.3 mm EHT = 5.00 kV Aperture Size = 20.00 um

Figure 4.10 - FESEM images of (A) CURC-Cy3 SLNs and (B) Cy3 SLNs.

4.2.1. Determination of mean diameter using Dynamic Light Scattering (DLS)

DLS analyses are carried out as described in Section 3.2.6.1. The mean diameters and
polydispersity indexes (PDI) of Cy3 SLNs and CURC-Cy3 SLNs, measured before purification
(pre), after gel filtration (post GF) and one hour post-dialysis are reported in Table 4.1 Mean
diameter of blank SLN pre is also reported.
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Table 4.1 - DLS results

Sample Diameter (nm) @ PDI

Blank SLN pre 272.2+£2.0 0.208
Cy3 SLN pre 313.6 £ 8.4 0.279
Cy3 SLN post GF 2953+4.6 0.262
Cy3 SLN post dialysis 299.1 £ 6.8 0.288
CURC-Cy3 SLN pre 306.4£59 0.230
CURC-Cy3 SLN post GF 291.1£1.5 0.261
CURC-Cy3 SLN post dialysis 336.4 £ 84 0.294

SLNs diameters are generally consistent across all analyzed formulations, with values around
300 nm. Diameters of SLNs containing CURC or Cy3 in the core structure are slightly larger
compared to blank SLNs, but the overall size increase is minimal.

Although these mean diameters are slightly above the recommended threshold for intravenous
administration (< 200 nm), which favors enhanced permeability and retention (EPR) effect and
reduces clearance by the reticuloendothelial system (RES)1*¢], these nanoparticles are however
suitable for in vitro cell studies. Cells can internalize nanoparticles through various mechanisms
allowing preliminary studies on SLNs localization within cells after internalization.!*”]

PDI values are in the 0.2-0.3 range indicating satisfactory sample homogeneity, minor
variations may be attributed to SLNs aggregation or to the presence of not-incorporated drug

aggregates.
4.2.2. Determination of zeta potential
Zeta potential analyses are carried out as described in Section 3.2.6.2. The zeta potential of Cy3

SLNs and CURC-Cy3 SLNs were measured before purification (pre), after gel filtration (post
GF) and one hour post-dialysis as reported in Table 4.2.
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Table 4.2 - Zeta potential results

Sample Zeta potential (mV)
Blank SLN pre -21.8+1.4
Cy3 SLN pre 244 +1.1
Cy3 SLN post GF -30.6t£24
Cy3 SLN post dialysis -233+04
CURC-Cy3 SLN pre -23.7+1.8
CURC-Cy3 SLN post GF -20.2+£0.6
CURC-Cy3 SLN post dialysis -19.6 £0.6

All SLN formulations exhibited a negative surface charge, attributable to the presence of
Epikuron®200, a negatively charged phospholipid. The measured zeta potential values, with
absolute magnitudes of approximately 20 mV, suggest moderate colloidal stability driven by
electrostatic repulsion between nanoparticles. This charge values suggest reduced immediate
aggregation; this may not be sufficient to ensure long-term stability of the suspensions, and
partial aggregation over time cannot be excluded. Cyanine, being a cationic dye inserted onto

the nanoparticle surface, influence the absolute value of zeta potential.

These results, taken together with those from DLS analyses, indicate a good colloidal profile of
SLNs and sufficient stability to perform initial in-vitro studies. This conclusion is supported by
their nanometric size (around 300 nm), narrow size distribution and zeta potential values which
are indicative of a stable suspension.

Moreover, values show limited variations across purification steps by gel filtration and dialysis,
suggesting that both strategies are suitable for purifying SLNs from impurities without

substantially altering their physicochemical characteristics.
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4.3. ENTRAPMENT EFFICIENCY EVALUATION
4.3.1. Quantification by HPLC

The two previously described purification methods were used to determine the entrapment
efficacy (or loading efficiency) of Cy3 and CURC within the SLNS.

Quantifications are obtained by HPLC analysis, using Eq.7 and Eq.8 to calculate sample
concentrations.

An initial analysis is performed on SLNs immediately after synthesis, before any purification.
For SLNs, 10 ug/mL of Cy3 dye are added during formulation. HPLC analyses of SLNs prior
to purification show Cy3 concentrations ranging from 8.2 to 9.7 ng/mL indicating only minimal
dye loss during the synthesis process, likely attributable to human or instrumental errors.

In CURC-Cy3 SLNs, 625 ug/mL of CURC powder are added during formulation. HPLC
analyses of these SLNs prior to purification show CURC concentrations ranging from 565 to
602 pg/mL indicating a higher absolute loss of material compared to Cy3. This is likely because
CURC is added in powder form, which can stick to the vial walls and prevent its complete

incorporation into the SLNs during synthesis.

Gel filtration (GF), a form of size exclusion chromatography, and dialysis are then used to
purify the samples from non encapsulated molecules. Dialysis was initially tested for six hours;
however it was observed that the concentration of the entrapped compound did not decrease
significantly after one hour. Therefore, a one-hour dialysis was adopted for the following
analyses.

EE% is calculated as described in section 3.2.6.4. Results are summarized in Table 4.3.

Table 4.3 - Entrapment efficacy of Cy3 and CURC

Sample Cy3 EE% CURC EE%
Cy3 SLN post dialysis 644+1.6

Cy3 SLN post GF 84.2+3.9

CURC-Cy3 SLN post dialysis 81.2+4.0 77.9+3.9
CURC-Cy3 SLN post GF 89.5+2.2 83.8+3.7

Both Cy3 and CURC show higher EE% after GF compared to dialysis, with statistical

significance.
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This behavior after dialysis may be attributed to the longer exposure (one hour vs few minutes
in GF) to the aqueous environment, which can facilitate partial diffusion and release of the
molecules out of the nanoparticle matrix.

Overall, the results confirm that both compounds can be efficiently encapsulated in SLNs, with

gel filtration providing an optimal purification method.

Performing multiple analyses, small and generally not significant variations (£ 5%) in loading
efficiency are found between different sample.

In GF purification is observed that SLNs and free-Cy3 co-elute causing a possible
overestimation of EE% due to the not complete purification from non encapsulated dye. In
contrast, EE% values of CURC after GF purification are more stable across analyses since free
CURC is observed to elute in a completely different fraction than SLNs.

For this reason, GF is chosen as the purification method for subsequent in vitro drug release

studies.

4.3.2. Observation by fluorescence microscopy

A further qualitative analysis of SLNs is performed by fluorescence microscopy.

Samples observed before purification exhibit high background fluorescence, covering most
signals from SLNs.

Dialyzed samples showed lower background fluorescence but many SLNs appeared aggregates
and elongated, not spherical, deeming the purification technique not optimal.

Gel-filtrated samples showed low background fluorescence as well but also predominantly
spherical SLNs. Together with better loading efficiency results, this supports the choice of GF

as the main purification technique.

4.4. SLN FLUORESCENCE CHARACTERIZATION

Serial dilutions of SLN suspension were prepared in milliQ water at decreasing concentrations,
as described in section 3.2.7., and their fluorescence emission spectra are recorded.

The spectra are presented graphically in Figure 4.11, with darker shades corresponding to
higher concentrations and lighter shades to lower concentrations.

The concentration of the SLNs suspensions is estimated as the sum of all lipid components used

in the formulation (TL, Epikuron®200, CURC) divided by the final volume. Therefore, the
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resulting concentrations are and 56 mg/mL for blank SLNs and Cy3 SLNs and 56.77 mg/mL
for CURC SLNs and CURC-Cy3 SLNs. The maximum fluorescence emission values are
plotted against sample concentration to assess whether emission intensity increased linearly

with concentration.
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Figure 4.11 - (A) CURC SLNs emission spectra excited at 450 nm. (B) Cy3 SLNs emission spectra excited at 550 nm.
(C) CURC and Cy3 fluorescence intensity over concentration.

CURC SLN emission spectra (Figure 4.11 (A)) appear broadened, with almost 100 nm of width
at half maximum fluorescence. This is consistent with CURC emission in solution'*®! and with
the relatively high concentration of CURC in the SLNs core. The spectra are broader compared
to other commonly used fluorophores, including Cy3, which can be attributed to the lower
rigidity of CURC that, allowing vibrational relaxation, leads to less efficient and broader
fluorescence emission.

Cy3 SLN emission spectra (Figure 4.11 (B)) closely resemble those of Cy3 in solution (Figure

4.5); no broadening of the main peak is observed and the shoulder-to-peak ratio remains similar.
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As previously observed for Cy3 in solution, the emission peak slightly red-shifts as the dye
concentration increases. These observations indicates that Cy3 is uniformly distributed within
the SLNs, without forming aggregates.

These results show that the incorporation of Cy3 inside SLNs preserves their optical

characteristics, making them suitable for application in optical imaging.

Despite small variations due to slight heterogeneity of the starting material, the intensity of Cy3
SLN emission shows an almost linear increase in fluorescence emission with increasing
concentration.

The intensity of CURC emission in CURC SLNs, instead, displays a linear increase up to
approximately 0.7 mg/mL, after which the signal decreases. This behavior indicates that, at
high SLN, and therefore CURC, concentration, fluorescence quenching occurs, likely due to

self-absorption effects in SLN matrix.

Based on previous studies in our laboratory, SLNSs are typically administered to cells for in vitro
studies at dilution of 1:100 or higher (corresponding to ca. 0.6 mg/mL). The fact that the
emission intensity remains linear within this dilutions range is favorable to ensure reliable

fluorescence measurements.

4.4.1. FRET analysis

CURC is excited at 450 nm and shows a peak emission at around 510 nm, with its emission tail
extending to approximately 625 nm. Cy3 has a maximum absorption at 589 nm but is generally
excited at 550 nm, corresponding to its shoulder peak. These observations indicate that the
emission spectrum of CURC and the excitation spectrum of Cy3 overlap optimally as seen in

Figure 4.12, making them an efficient FRET pair.
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Figure 4.12 - CURC SLNs emission spectrum excited at 450 nm, Cy3 absorbance spectrum. The overlapping area
where FRET phenomenon can happen is highlighted in brown.

CURC-Cy3 SLNs spectra are recorded with excitation at 450 nm to evaluate FRET.

Spectra of CURC SLNs and Cy3 SLNs at the same dilutions and under identical conditions are
also collected as controls, allowing quantification of energy transfer and confirming the
expected decrease in CURC emission and the corresponding increase in Cy3 emission.
Another control is performed by mixing equal parts of CURC SLNs and Cy3 SLNs in a vial
and analyzing it at the same dilutions as the samples. Since CURC and Cy3 are encapsulated in
different SLNs, they are not within the 10 nm range and FRET is not expected. This is
experimentally confirmed, as the emission spectrum of this sample, excited at 450 nm, closely

resembles that of CURC SLNs, with no significant Cy3 signal.
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CURC-Cy3 SLNs spectra, recorded at various dilutions, are plotted in Figure 4.13 (A-B-C) as
previously described for CURC SLNs and Cy3 SLNs. The fluorescence intensity-concentration
curve (Figure 4.13 (D)) shows a very similar trend to that of CURC alone, fluorescence intensity
reaches a maximum around 0.8 mg/mL and then decreases, consisting with CURC quenching

at higher concentrations.
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Figure 4.13 - CURC SLNs, Cy3 SLNs, CURC-Cy3 SLNs emission spectra excited at 450 nm. (A) 1:25 SLNs dilution. (B)
1:200 SLNs dilution. (C) CURC-Cy3 SLNs emission spectra excited at 450 nm. (D) CURC-Cy3 SLNs fluorescence
intensity over concentration.

Figure 4.13 (B) is used to calculate FRET based on decrease of donor emission, according to
Eq. 6, obtaining a value of 6.45%.

The measured FRET efficiency is likely underestimated because the donor (CURC) is present
in large excess compared to the acceptor (Cy3). As a result, the strong emission from CURC

molecules that do not transfer energy to Cy3 dominates the overall emission signal.
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Another way to estimate FRET efficiency is by focusing on acceptor emission. To do so, the
emission of Cy3 obtained by FRET in CURC-Cy3 SLNs has been isolated by curve fitting (red
curve in Figure 4.14) and compared to Cy3 emission obtained by exciting at 450 nm Cy3 SLNs
(pink curve) and to CURC-Cy3 SLNs emission excited at 550 nm (violet curve). The latter
represents the maximum Cy3 emission in CURC-Cy3 SLNs as it is obtained by exciting the
sample at the optimal wavelength for Cy3 emission.

Considering that emission of Cy3 for direct excitation at 450 nm is negligible (37 a.u. of
emission intensity), we can observe that exciting CURC-Cy3 SLNs at 450 nm yields an
emission intensity which is ca. 13.5% of that obtained by exciting Cy3 at its maximum (231 vs.
1750 a.u. of emission intensity).

With this respect, the estimated FRET efficiency increases to ca. 13.5%.

Considering that the large excess of donor does not meet the optimal requirement for FRET,

this should be considered a very good result.
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Figure 4.14 — Comparison between CURC-Cy3 SLNs emission obtained through excitation at 450 nm and emission of
Cy3 SLNs excited at 450 nm and 550 nm. Cy3 emission profile isolated by curve fitting from spectrum of CURC-Cy3
SLNs excited at 450 nm, representing Cy3 emission generated by FRET, is also represented.
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4.5. IN VITRO RELEASE TEST

In vitro release experiments are carried out to evaluate the release of CURC and Cy3 from SLNs
in comparison with their corresponding free solution. The tests are performed using a dialysis
rotating device and monitored over a period of 24 hours.

Quantification of released dye and drug is achieved through HPLC analyses.

Release profiles, expressed as the percentage of compound released over time, have been
obtained for the following samples: free CURC and free Cy3 solutions as well as CURC-Cy3
SLNs.
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Figure 4.9 - CURC and Cy3 release profiles

A clear difference can be observed between the release profiles of CURC and Cy3 from SLNs
compared to those of the corresponding free solutions used as references.

Both free CURC and free Cy3 solutions show a marked initial burst release (dose dumping)
followed by a steady release phase. In contrast SLNs display an evident slower release,
indicating that CURC and Cy3 have been successfully encapsulated within the nanoparticles.
This also suggests that SLNs remain structurally intact during the experiment without

undergoing rapid disassembly, allowing a continuous and controlled release of the compounds.

When comparing the free solutions, CURC shows a faster release than Cy3 reaching

approximately 63% vs. 40% permeation over 24 hours, respectively.
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This difference can be attributed to three main factors. First, the distinct physicochemical
properties of the two molecules strongly influence their diffusion across the membrane.
Second, the donor-phase concentrations are markedly different (625 ug/mL for CURC vs. 10
ug/mL for Cy3), which may as well affect diffusion. Nevertheless, this gap of concentration is
necessary to have consistency with the relative amounts of the two molecules entrapped in
SLNss, as previously reported. While CURC needs to be tested at higher concentration to ensure
therapeutic efficacy, as proven in previous works; Cy3 thanks to its strong signal-to-response
ratio can be used as a fluorescent probe at much lower concentration.

Third, direct visual inspection of the diffusion membrane at the end of the experiment revealed

a bright purple coloration on the donor side, suggesting a partial Cy3 adsorption on it.

In the case of SLNs, CURC reveals a slow but continuous release, consistent with its lipophilic
nature and gradual diffusion from the lipid core. In this work, CURC can be considered as a
model to study the release of hydrophobic drugs from SLNs core and therefore its behavior
exemplifies the release profile expected for other therapeutic molecules with similar lipophilic
characteristics.

By contrast, Cy3 release from SLNs is extremely low (< 0.1%) and negligible over 24 hours,
in contrast with the reference solution which displays around 40% membrane permeation within

the same timeframe.

These results suggest that Cy3 is not released from the nanoparticles, but rather remains
embedded within the SLNs as an integral part of the lipid matrix. This interpretation is
consistent with the structural characteristics of Cy3, which contains two C8 alkyl chain that

closely resemble triglycerides structure favoring its stable integration into the SLNs matrix.
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5.  CONCLUSIONS

The main aim of this work was to develop a reproducible, simple and cost-effective method to
stably fluorescently label SLNs. The fluorophore needed to be incorporated within the lipid
matrix to monitor the intracellular fate of the nanoparticle, rather than being encapsulated in the
core like a drug payload.

Cy3 was synthetized through a simple procedure and its initial characterization displayed high
brightness. The incorporation inside SLNs was successful and, after characterization, neither
the dye nor the nanoparticles lost their physicochemical properties.

To better mimic a real SLNs delivery environment, CURC was co-entrapped with Cy3 in SLNs
as a model drug, thus developing an embryonic theranostic system. The co-encapsulation could
be confirmed by fluorescent microscopy analysis, since the same SLN could be visualized as
bright spots either by exciting CURC or Cy3.

Additional studies have demonstrated the stable incorporation of Cy3 in the SLN matrix, as
evidenced by its negligible release over 24 hours, in contrast to CURC which was gradually
released as expected for a drug.

When co-encapsulated CURC and Cy3 form an efficient FRET pair. This feature can provide
additional information on intracellular SLN fate. Cy3 fluorescence reports signal from the lipid
matrix, while FRET signal reflects the proximity of CURC and Cy3, thus acting as a marker of
SLNs integrity and drug release.

This work has therefore demonstrated the feasibility of stably labeling SLNs with a fluorophore,
without the need for complex procedures, paving the way for future in vitro imaging studies. In
particular, this system provides a platform for monitoring SLNs stability, intracellular

nanoparticles fate and controlled drug release.
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