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Abstract

Proper nutrition is essential for ensuring overall well-being and preventing numerous chronic
diseases.

Selecting high-quality foods, rich in nutrients and bioactive compounds, is fundamental for
maintaining physiological balance and promoting a healthy lifestyle. In this context, the geographical
traceability of food products plays a crucial role: accurately knowing the origin and characteristics of
a product allows not only to guarantee food safety but also to ensure authenticity, quality, and
transparency throughout the entire production chain.

Moreover, traceability enhances territorial specificities, protects local agricultural traditions, and
encourages sustainable practices that respect the environment and preserve biodiversity.

At the same time, food waste (often caused by overproduction and inefficiencies along the supply
chain) represents a significant environmental and social challenge. The innovative recycling of food
by-products offers a promising solution: transforming waste into valuable ingredients for industrial
applications not only reduces environmental impact but also contributes to the conservation of natural
resources. The food industry generates large amounts of by-products (such as peels, seeds, stems, and
fruit and vegetable pulp) that are often discarded despite being rich in bioactive compounds including
antioxidants, fibres, proteins, and essential fatty acids. Recovering and valorising these materials
enables the development of innovative products in the food, pharmaceutical, and agricultural sectors.
Among the most relevant bioactive compounds found in foods are polyphenols, a widespread class
of natural antioxidants. From a biological perspective, polyphenols are substances capable of
preventing or slowing cellular oxidative damage caused by reactive species such as free radicals and
nitrogen and oxygen oxides. Due to these properties, they have become the focus of extensive
research as therapeutic agents integrated into innovative drug delivery systems, which improve their
stability, bioavailability, and controlled release at target tissues, thereby enhancing their efficacy
while reducing side effects.

The challenge of synthesizing formulations for drug delivery has also involved purely synthetic

molecules, particularly corticosteroids used in the treatment of inflammatory ocular diseases.



Chapter 1

Drug Delivery Systems

A drug delivery system is responsible for the controlled release of the active pharmaceutical
ingredient in order to achieve the desired therapeutic effect!. Conventional dosage forms (such as
tablets, capsules, syrups, and ointments) are often associated with poor bioavailability and significant
fluctuations in plasma drug concentrations, making them unable to ensure sustained and consistent
release. Without an efficient delivery mechanism, the entire therapeutic process may be
compromised?.

Many pharmacological properties of conventional (“free”) drugs can be significantly improved
through the use of drug delivery systems (DDS), which typically employ particulate carriers
composed primarily of lipids and/or polymers to transport and protect their associated therapeutic
agents.

By enhancing drug stability, modulating pharmacokinetics, and enabling controlled or targeted
release, DDS offer a strategic approach to overcoming the intrinsic limitations of traditional
formulations and improving overall therapeutic outcomes. In particular, lipid-based drug delivery
systems (LBDDS) are those most commonly used when the pharmaceutical ingredient has poor
solubility and low permeability to biological membranes. LBDDS have attracted growing interest due
to their size-dependent properties and their high biocompatibility and versatility. These advantages
have made them one of the most promising solutions in the field of drug delivery. LBDDS are also
commercially viable and suitable for the formulation of pharmaceutical products intended for various
routes of administration, including topical, oral, pulmonary, and parenteral.

Another strength of these formulations is their structural flexibility, which allows for specific
modifications based on the disease to be treated, the desired route of administration, and economic or
technical factors such as product stability, toxicity, and therapeutic efficacy. Thanks to their safety
and efficiency, lipid carriers are ideal candidates not only for drug formulation, but also for vaccines,
diagnostic agents, and nutraceuticals’.

Lipids, fundamental elements of biological membranes, have an extraordinary affinity for both
hydrophilic and hydrophobic molecules, giving them exceptional biocompatibility and
bioavailability. This intrinsic versatility has led to their widespread use in various modes of drug

delivery, ranging from simple encapsulation in liposomes to sophisticated lipid-based nanoparticles.



The double lipid layer structure protects the active ingredient from the action of enzymes and
premature elimination, while allowing controlled and targeted release at the site of action. The typical
“double layer system” is formed due to the intrinsic ability of lipids to self-assemble into orderly and
stable structures (Figure 1). When combined with the active ingredient and subjected to specific
processes, these lipids create effective vehicles capable of transporting the drug and releasing it in a

controlled manner at the site of action.*
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Figure 1. Schematic illustration of the self-assembly process of lipids in water, forming aggregates such as (a) a
monolayer on the air-water interface, (b) a lipid bilayer, (¢) a micelle, (d) a unilamellar liposome (vesicle), and (e) a

multilamellar liposome.

The forces that allow amphiphiles to self-assemble into these structures derive from their molecular
conformation. Hydrocarbon chains tend to attract each other, mainly due to hydrophobic interactions
or interfacial tension forces at the boundary between hydrocarbons and water. In contrast, the head
groups undergo hydrophilic, ionic, or steric interactions, which allow them to meet water. These two
types of interactions manifest themselves as a competition between two opposing forces: one pushes
to reduce the interface area, while the other tends to increase it°. The balance between these forces
determines an optimal area per molecule exposed to the aqueous phase, called ao or “effective head
group area,” which minimizes the total interaction energy per molecule. The shape and properties of
lipid structures also depend on the volume (v) and the maximum effective length (1), known as the
critical chain length, which corresponds approximately to the length of the fully extended chain.
Knowing these geometric limitations—optimal area ao, volume v, and critical length 1—it is possible
to predict the structures that molecules can form (Figure 2). A key parameter for this analysis is the
critical packing parameter, a dimensionless factor that describes the shape of molecules and their

modes of self-assembly.

CPP  aol (1)



Figure 2. shows the relationship between the critical packing parameter and the shape of the molecules.

The family of lipid-based drug delivery systems includes classical structures such as emulsions and
liposomes, as well as more advanced systems like vesosomes, phytosomes, solid lipid nanoparticles
(SLNs), nanostructured lipid carriers (NLCs), and archacosomes. These next-generation platforms

offer unique structural and functional features, enabling innovative applications in drug delivery.’

Liposomes come from the Greek words “lipos” and “soma” and was first described in 1964 by Dr.
Alec D Bangham at the Babraham Institute in Cambridge. Liposomes are spherical vesicles made up
of the same components as cell membranes and are formed thanks to the ability of phospholipids to
spontaneously self-assemble in aqueous environments. Their classification is based on three main
criteria: size, number of lipid bilayers present in the particle, and structural arrangement of the
membranes®’. They are classified as multilamellar large vesicles, typically larger than 0.5 um in size.

Multilamellar liposomes are characterized by the presence of multiple concentric lipid bilayers. A



subtype, known as oligolamellar vesicles, contains between 2 and 5 lipid bilayers and is structurally
similar to multilamellar vesicles; however, when the number of bilayers exceeds five, the vesicles are
generally classified as truly multilamellar. In contrast, unilamellar vesicles (ULVs) consist of a single
lipid bilayer and are further subdivided based on size into small unilamellar vesicles (SUVs) and large
unilamellar vesicles (LUVs). While their internal structure is similar, they differ significantly in
diameter. For drug delivery applications, the lamellar structure of liposomes is less important than the
homogeneity and size of these systems; liposomes in the range of 50-200 nm are preferred’.

Other possible classifications of liposomes concern the formulation, the type of lipids used, or the
method of preparation: among the main classes of natural lipids, the most commonly used are
phospholipids, sphingolipids, and sterols. In addition, natural lipids can be negative, positive, or
zwitterionic based on the charge present on the polar heads of the molecule!’. Liposome synthesis is
a heavily investigated area of research with many recent and modified techniques, but the most
common method is the "Thini Film Idratation': it consists of solubilizing the lipids of interest in an
organic solvent, which is then evaporated, resulting in the formation of a lipid film. The film is
rehydrated using an aqueous solution, leading to the formation of liposomes. If the active ingredient
1s hydrophilic, it can be incorporated directly into the aqueous solution; if it is lipophilic, it is initially
inserted into the lipid film. This method leads to the synthesis of liposomes with high polydispersity
index, therefore requiring postformation treatments such as extrusion, high-pressure homogenization,
or sonication to ensure the formation of homogeneous unilamellar vesicles'' "2,

Liposomes are notorious for their physical instability. Over time, liposomal particles can aggregate
due to electrostatic or van der Waals interactions, forming larger particles. This phenomenon can
compromise the size distribution, bioavailability, and efficacy of the delivery system. In addition,
liposomes can fuse together (coalescence of two or more vesicles into a single structure), causing
uncontrolled release of the active ingredient and loss of the original properties of the system. The
water present in the aqueous core of liposomes can promote undesirable chemical reactions, causing
the drug to degrade before it reaches the site of action. This compromises both the chemical stability
of the active ingredient and the overall therapeutic efficacy of the formulation. Another significant
limitation of liposomes is their tendency to release the drug prematurely, through leakage (loss
through the lipid bilayer) or leaching (release due to interactions with the external environment).
These processes can be aggravated by changes in temperature, pH, or ionic strength, making it
difficult to ensure controlled and targeted release. As a result, a significant portion of the active

ingredient may be lost during storage or before reaching the desired therapeutic site.



Solid lipid nanoparticles (SLNs) were developed to overcome the limitations associated with
traditional colloidal systems: they are formulated using a variety of lipids that share key
characteristics, such as a low melting point and solidity at both room temperature and body
temperature, together with a combination of surfactants and/or co-surfactants. The appropriate
selection of lipids and surfactants plays a crucial role in determining their physicochemical properties,
including particle size, polydispersity index, surface charge, stability (both short- and long-term),
drug loading capacity, and drug release behavior!>. One of the main drivers behind the rapid
development of solid lipid nanoparticles (SLNs) has been their remarkable ability to effectively
deliver both lipophilic and hydrophilic drugs across a variety of diseased tissues. Beyond
conventional small molecules, SLNs have demonstrated the capability to transport a wide range of
therapeutic agents; this versatility significantly broadens their potential applications in targeted
therapy and nanomedicine. A further advantage of SLNs lies in their ability to reduce the inherent
toxicity of the therapeutic agents they carry by encapsulating these molecules, SLNs provide a
protective environment that not only minimizes direct cytotoxic effects but also shields the cargo
from premature degradation and rapid clearance by the reticuloendothelial system (RES). This
extended circulation time can greatly enhance bioavailability and therapeutic efficacy.

Moreover, SLNs exhibit excellent long-term physical and chemical stability, making them suitable
for prolonged storage and use'*. However, despite their many advantages, SLNs are not without
limitations. Some of the challenges associated with these nanocarriers include drug expulsion during
storage, the tendency to undergo gelation, and low encapsulation efficiency (EE). The latter is
particularly significant and is attributed to the highly ordered crystalline structure of the lipid core.
During crystallization, the formation of dense, defect-free lattices leaves little room for
accommodating drug molecules, especially those that do not integrate well into the lipid matrix,
resulting in suboptimal drug loading'®. The next generation of lipid nanoparticles (NLC) consists of
a mixture of solid and liquid phases (oil) that forms a shapeless matrix, in order to meet the challenge
of improving stability and loading capacity.'® These colloidal drug carrier systems offer targeted
delivery of drugs and increase the bioavailability of hydrophobic drugs, and protect sensitive active

compounds.

Another possibility is lipid nanoparticles (LNPs), spherical vesicles consisting of ionizable lipids,
which are positive at low pH, widely used in complexation with RNA, and neutral at physiological
pH, thus reducing potential toxic effects compared to lipids that are always positive, such as those

found in liposomes.!” Due to their size and chemical-physical properties, LNPs are absorbed by cells



via endocytosis, and the ability of lipids to ionize at low pH probably allows endosomal escape,
enabling the release of the contents into the cytoplasm. In addition to ionizable lipids, LNPs usually
contain a helper lipid that promotes adhesion to cell membranes, cholesterol that fills the spaces
between lipids and provides structural stability, and polyethylene glycol (PEG) that reduces
opsonization by serum proteins and clearance by the reticuloendothelial system. The relative
composition of the different lipid components significantly affects the efficacy of LNPs and must be
carefully optimized according to the therapeutic application and route of administration.

In addition, the type of lipid, size, and surface charge of the nanoparticles determine their behavior in

vivo, affecting their bioavailability, distribution, and efficiency in releasing the active ingredient.

Synthesis

About the synthesis of these nanocarrier, there is one more possibility compared to manual
techniques, Microfluidic. Microfluidic technologies are revolutionizing the synthesis of nanoscale
lipid particles and enabling new opportunities for the production of lipid-based nanomedicines.!®

In this process, nanoparticle formation occurs as a result of strong solubility gradients, which emerge
from the rapid mixing of solutions. This mixing is precisely controlled by convective flows within
microchannels, which generally range in size from a few tens to several hundred micrometers. There
are a number of factors to consider, such as the choice of solvent for the aqueous and organic phases,
the solubility and concentration of the lipids selected for the formulation; these all are part of the
‘input parameters’ that can affect the outcome of the synthesis. There are also instrumental parameters
that must be carefully chosen, such as chip design, total flow rate (the flow rate of solvents through
the chip), flow rate ratio ( the ratio between the aqueous and organic phases), and the transition
temperature of the lipids used.!

The main advantages of using microfluidics therefore concern high reproducibility, system
automation, greater control over experimental conditions, the possibility of customizing the

characteristics of nanoparticles (shape, size), and obtaining monodisperse systems.
Dynamic Light Scattering
When developing drug delivery systems (DDS) based on nanoparticles, it is essential to consider a

range of physicochemical parameters that directly influence the behavior of the particles in a

biological environment.



Among these, particle size and surface charge are two of the most critical factors, as they affect several
biological responses, including cellular uptake, toxicity, and the dissolution rate of the active
pharmaceutical ingredient. These two properties appear to play a key role not only in
pharmacokinetics but also in the drug release profile; furthermore, the ability to selectively release
the drug at specific target sites largely depends on the size and charge of the nanoparticles.

An additional layer of complexity arises from the interaction of nanoparticles with biological
matrices, such as bodily fluids or intestinal mucus, which can significantly alter their surface
properties. Therefore, accurate characterization of particle size and zeta potential is crucial during the
design and optimization stages of DDS formulations to ensure both efficacy and safety?’

The Dynamic Light Scattering (DLS) technique is based on the analysis of fluctuations in the intensity
of light scattered by particles suspended in a liquid, and it is widely used to determine the
hydrodynamic diameter of nanoparticles. The fundamental principle of this technique lies in the
relationship between the Brownian motion of the particles and the temporal variation in the light they
scatter.

When a sample containing nanoparticles is illuminated by a laser beam, the particles in suspension
scatter light in various directions. However, due to their random (Brownian) motion, the intensity of
the scattered light does not remain constant over time but rather fluctuates depending on the speed at
which the particles move. Under controlled temperature and viscosity conditions, smaller particles
exhibit faster Brownian motion, resulting in rapid fluctuations in scattered light intensity.

In contrast, larger particles move more slowly, producing slower variations in intensity.

These fluctuations are detected by a photodetector and analyzed using a correlator, which calculates
the autocorrelation function of the signal. This function describes how the scattered light intensity at
a given time correlates with that at a later time. The rate at which this correlation decays allows the
calculation of the translational diffusion coefficient of the particles.

Finally, by applying the Stokes-Einstein equation, the diffusion coefficient can be converted into a
hydrodynamic diameter, a measure of the effective size of the particle in solution, which accounts not
only for the solid core but also for the surrounding solvation layer. This information is essential for
the characterization of nanoparticle-based drug delivery systems, as particle size influences critical
parameters such as bioavailability, tissue distribution, and drug release profile?!.

Among the various parameters, particle size stands out as a key attribute, as it influences several
critical aspects of nanocarrier performance, including colloidal stability, encapsulation efficiency,

drug release kinetics, biodistribution, mucoadhesiveness, and cellular interaction?2.



Vesicle size is one of the main parameters that determines clearance by the reticuloendothelial system
(RES): the rate of uptake by the immune system cells increases by the increase in the size of the
lipidic carriers.

Another key parameter used to characterize the size distribution of lipid-based nanocarrier systems is
the polydispersity index (PDI). The term “polydispersity” refers to the degree of non-uniformity in
particle size distribution within a given sample®*; the PDI quantifies how broad or narrow the range
of particle sizes is.

Numerically, PDI values range from 0.0, indicating a perfectly monodisperse system to 1.0, which
represents a highly polydisperse system with significant variation and the presence of multiple size
populations. For polymeric nanoparticles, a PDI of 0.2 or lower is generally considered acceptable,
indicating a sufficiently uniform size distribution®*.

In the context of lipid-based drug delivery systems a PDI value of 0.3 or below is typically regarded
as acceptable. Such a value suggests a homogeneous population of vesicles, which is crucial for

ensuring reproducibility, stability, and consistent biological performance of the formulation.

Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool to probe the structure and
dynamics of virtually all types of molecules at atomic resolution.

In the context of lipid drug delivery systems, quality control is essential to ensure batch-to-batch
reproducibility and the overall reliability of experimental outcomes. Furthermore, the optimization of
liposomal formulations requires a deep understanding of the molecular interactions between the
liposome and its cargo, as these interactions directly influence encapsulation efficiency and release
kinetics.

In this context, we highlight the versatility of liquid-state NMR spectroscopy, to investigate the
structural features of both lipid components and bioactive compound, as well as their mutual
interactions.

Unlike many other analytical methods, NMR allows for simultaneous, in situ, and real-time
monitoring of all NMR-visible species within a sample. Moreover, it does not require chemical
modifications that could potentially alter the physicochemical properties of the system under

investigation.



Despite limitations - such as lower sensitivity compared to more conventional techniques - the
richness of structural and dynamic information offered by NMR makes it an invaluable tool for the

design and optimization of liposomes and other lipid based drug delivery systems.?

Infrared Spectroscopy

The structural characterization of lipid bilayers plays a fundamental role not only in elucidating key
biological mechanisms—such as membrane fluidity, permeability, and protein-lipid interactions—
but also in the rational design of lipid-based drug delivery systems (LDDS). Among the available
analytical techniques, Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR)
spectroscopy has emerged as a valuable tool for investigating the physicochemical properties of lipid
membranes at the molecular level.

ATR-FTIR allows for the identification of specific functional groups and provides insight into
conformational order, phase transitions, and hydrogen bonding within the bilayer. This makes it
particularly suitable for studying how variations in lipid composition or the incorporation of
therapeutic agents influence membrane structure and stability.

However, conventional FTIR approaches often struggle to provide detailed information regarding
molecular orientation, chain packing, and intermolecular interactions, especially in complex or
dynamic systems such as those involving liposomes or nanostructured lipid carriers. These limitations
arise from factors such as signal overlap, low sensitivity to directional alignment, and the inability to
distinguish between overlapping vibrational modes in heterogeneous environments. When carefully
interpreted, ATR-FTIR data can offer crucial insights into how lipid membranes behave under
physiological conditions and how they interact with encapsulated drugs, thus informing the

development of more effective and targeted LDDS formulations?®.

Thermal analysis

Among the various analytical techniques used for the characterization of liposomal systems,
Differential Scanning Calorimetry (DSC) stands out as a key method for investigating their
thermotropic behavior and thermal stability. This technique offers valuable insights that can be used

to optimize the quality, performance, and therapeutic efficiency of liposomal formulations.



In recent years, numerous studies have employed DSC to elucidate the behavior of lipid-based drug
carriers, underscoring its growing relevance in pharmaceutical research.

Differential Scanning Calorimetry enables the monitoring of thermal transitions by measuring
differences in heat flow between a sample and a reference, providing rapid and accurate data

regarding the physical state and energetic properties of the materials analyzed?’.

Encapsulation Efficiency

A crucial factor in the success of drug delivery systems is the encapsulation efficiency, which directly
impacts drug loading capacity and therapeutic outcome.

Despite the availability of various strategies to improve drug loading, achieving high encapsulation
efficiency remains particularly challenging for small unilamellar liposomes (typically 50—150 nm in
diameter), primarily due to their limited internal volume. This constraint can reduce the amount of
drug that can be stably entrapped, making the optimization of formulation an essential parameters.'°
Among the most widely used techniques for the quantification of EE are HighPerformance Liquid
Chromatography (HPLC) and Ultraviolet-Visible (UV-Vis) spectroscopy, which provide accurate and
reproducible measurements of the drug content, both free and encapsulated.

The typical procedure involves separating the non-encapsulated (free) drug from the lipid
nanoparticles, followed by quantification of the drug in the formulation®s.

UV-Vis spectroscopy is often employed when the drug molecule exhibits strong absorbance at a
specific wavelength, offering a simple and rapid quantification method; however, its applicability
may be limited by spectral interferences or low sensitivity in formulations with low drug loading. In
contrast, HPLC provides higher specificity and sensitivity, allowing for precise quantification even
in complex matrices and this makes it especially suitable for formulations containing multiple
components or drugs with weak UV absorbance. Additionally, HPLC enables the use of internal
standards and method validation parameters (e.g., linearity, precision, accuracy), ensuring robust and
reproducible analysis.

Encapsulation efficiency is typically expressed as the percentage of drug encapsulated within the
nanoparticles relative to the total amount used in the formulation. Achieving high EE is particularly
challenging in small-sized lipid carriers; nevertheless, optimizing formulation variables - such as lipid
composition, drug-to-lipid ratio, preparation method, and surface modifications - can significantly

enhance the encapsulation and stability of the active pharmaceutical ingredient.



Ocular Inflammatory Diseas

The structural and physiological complexity of the eye makes ocular drug delivery one of the most
challenging areas in pharmaceutical research. Ocular inflammation is among the most prevalent eye
disorders, and topical administration of anti-inflammatory agents is frequently employed as an
adjunct therapy in tissue repair and regeneration; however, the presence of both physical and chemical
barriers in the eye significantly limits drug bioavailability®®. The unique features infact, make the eye
a highly specialized organ with multiple barriers that must be overcome to effectively deliver drugs
to specific ocular tissues. The human eye, a globular organ, is divided into two main segments: the
anterior and posterior (Figure 3).

Both regions are protected by numerous biological barriers, which can be broadly categorized as
anatomical and physiological. Anatomical barriers are further classified into static and dynamic
components: static barriers include the corneal epithelium and the blood-aqueous barrier (BAB),
while dynamic barriers encompass tear turnover, conjunctival blood flow, and lymphatic drainage.
Physiological barriers, on the other hand, consist of metabolic mechanisms and the intraocular
environment, including both the BAB and the blood-retina barrier (BRB)*°. The BRB plays a vital
role in maintaining homeostasis in the posterior segment of the eye. It is composed of two main
layers: the outer retinal pigment epithelium (RPE) and the inner retinal capillary endothelium and
together, the BAB and BRB present significant challenges for effective drug delivery to intraocular
tissues through various administration routes.

Lipid nanoparticles represent a promising alternative for ocular drug delivery: their unique
characteristics (including excellent biocompatibility, safety, and mucoadhesive properties) enhance

drug bioavailability, improve patient compliance and enable sustained drug release.
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Figure 3. The image shows a sagittal section of the human eye, illustrating its division into anterior and posterior
segments.

1 Triamcinolone Acetonide

Corticosteroids continue to be a key-component in the treatment of numerous ocular diseases
involving the ocular surface as well as the anterior and posterior segments of the eye, due to their
potent anti-inflammatory, anti-oedematous, and anti-angiogenic effects. Their therapeutic efficacy in
the eye varies depending on their pharmacological activity and formulation characteristics®’.
Although all corticosteroids share a common sterane backbone — composed of 21 carbon atoms
arranged in four rings — structural modifications lead to derivatives with distinct physicochemical
properties and biological potencies (Figure 4). Most anti-inflammatory corticosteroids typically
include functional groups such as a hydroxyl group at the C17 position (in a-configuration), a double
bond between C4 and C5, a ketone at C3, and an oxygen-containing group at C112. Additional
structural changes, such as introducing a double bond between C1 and C2 (as seen in prednisolone),
can slow metabolic degradation; moreover, the incorporation of a fluorine atom at the C9 position, as

in triamcinolone, significantly enhances anti-inflammatory potency.
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Figure 4. Structures of the most used corticosteroids for ocular application.



Corticosteroids can be delivered through various ocular administration routes. Topical application
remains the preferred approach for treating conditions of the ocular surface and anterior segment.
However, for diseases affecting the posterior segment, periocular, intravitreal, or suprachoroidal
injections offer more targeted and effective drug delivery>!.

For all these reasons and for the poor solubility of the molecule, the encapsulation of triamcinolone
acetonide in liposomal systems has been studied.

Specifically, cationic liposomes were synthesized: a solution of the cationic lipid 1,2-dioleoyl 3-
trimethylammonio-propane (DOTAP) was combined with a neutral helper lipid, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE). This phospholipid is essential for stabilizing most types of
cationic lipids within a lipid bilayer and may contribute to the cell-penetrating properties of cationic
liposomes™*. SoyPC was also added to the formulation, serving as a stabilizing agent*.

Cation lipids offer several significant advantages: they can enhance the encapsulation efficiency of
negatively charged drugs and active compounds, thereby increasing the amount of active substance
that can be delivered within the liposome. Furthermore, they facilitate penetration through biological
membranes in vitro, an essential aspect in processes such as transfection, where the goal is to
introduce genetic material into cells.

Triamcinolone-based cationic liposomes were used for the preparation of a hyaluronic acid-based
ocular gel. This delivery system is designed to enhance the therapeutic efficacy of the corticosteroid
by improving ocular penetration, extending the drug release duration, and increasing formulation
tolerability. It offers a promising strategy for the management of chronic inflammatory ocular

disorders.

1.1 Hyaluronic Acid

Hyaluronic acid (HA) is a polysaccharide to the glycosaminoglycan (GAG) family, and it’s widely
used in ophthalmology for a variety of applications, including the treatment of dry eye syndrome, as
a vitreous substitute, and in ophthalmic viscoelastic surgical devices (OVDs). In addition, HA serves
as an effective drug delivery carrier for ocular diseases due to its excellent bioadhesive properties,
viscoelasticity, and ability to interact with specific cellular receptors.

The formation of an electrostatic complex between the cationic liposomes and hyaluronic acid can be
classified as a polymer—vesicle system, a well-documented approach in the literature, which has also
been shown to effectively retain the active ingredient encapsulated within the nanosystem?>. These

hydrogels represent highly versatile platforms, ranging from static systems to smart,



stimuliresponsive systems. This means they maintain a stable shape and function once formed, while
also being designed to respond to specific environmental changes (such as variations in temperature,

pH, light, or the presence of certain chemical substances).

1.2 Materials and Methods

SoyPC (Soy Phoshatidylcholine), DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), DOTAP
(1,2-dioleoyl-3-trimethylammonium propane) (Avanti Polar Lipids Inc).

The following reagents were used: ethanol (EtOH, purity > 99%, Merck Italia), ultra-pure water (18.2
MQ-cm, Rephile Direct-Pure purifier).

1.2.1 Preparation of Triamcinolone Acetonide liposomes

The synthesis of triamcinolone acetonide-based liposomes was carried out via microfluidics using an
Automated Nanoparticle (ANP) System (Particle Works, Alfatest). All lipids were added to the
organic phase (ethanol) in the ratios of 0.5 SoyPC 0.25 Dope 0.25 Dotap, and the active molecule
was also added to the organic phase. After adjusting the aqueous and organic phase ratio and the Total
Flow Rate, the solutions flow into the chip: the organic phase in the central channel, while the aqueous
phase (ultra-pure water) flows in the two lateral channels. The flow of the organic phase diffuses into
the aqueous phase until the ethanol concentration decreases to the point that the lipids are no longer
soluble.

This diffusion process leads to the self-assembly of the liposomes.

1.2.2 Preparation of Ocular gel

The synthesized liposomes were dialyzed using a Midi Pur-A-Lyzer device. Prior to dialysis, the
membrane was equilibrated with ultrapure water. Then, the liposomal suspension was loaded into the
Pur-A-Lyzer, which was subsequently immersed in a beaker containing the exchange solvent. The
purpose of dialysis was to remove ethanol and establish a fully aqueous environment in preparation
for the subsequent synthesis of the ocular gel: water plays a crucial role in hydrogel systems, as it
supports their structural integrity, solubility, and the diffusion of incorporated substances. High

molecular weight hyaluronic acid (HA) was gradually added to the liposomes to reach the final



concentration of 10 mg/ml, maintaining the suspension under continuous stirring until the polymer
was completely solubilized.
The same gel was made using both loaded and empty liposomes, synthesized in the same way but

without including triamcinolone in the organic phase.

1.2.3 Dynamic Light Scattering

Particle size and zeta potential were verified using dynamic light scattering (DLS) with a Zetasizer
Nano ZS90 (Malvern Instrument Ltd., UK). Samples were diluted in ultra-pure water and the
measurement was performed at room temperature (25°C). Measurements were conducted in

triplicate.

1.2.4 Encapsulation Efficiency

Encapsulation efficiency (EE) represents the measure of the amount of drug actually encapsulated
within the liposome during the formulation process; it is an essential parameter for determining the
ability of liposomes to transport the active ingredient and ensure effective administration.
Encapsulation efficiency was calculated using an HPLC instrument (Thermo Fisher Scientific
UltiMate 3000) using a UV-Vis diode array detector (DAD).
A 2.6 um Kinetex reversed-phase C18 column with a length of 150 x 2.1 mm was used.
H20 (A) and acetonitrile (B), both acidified to 0.1% formic acid, were used as the mobile phase. The
sample was diluted in methanol (MeOH) in a ratio of 1:10 and subsequently subjected to solid phase
extraction (SPE) before being introduced into the column. Chromatograms were recorded at 241 nm.
For the quantitative determination of the encapsulated active molecule, a calibration curve was
constructed in the concentration range of 1-50 ppm. The encapsulation efficiency was calculated
using the following equation (2):

[TAly

0, — —ip
WEE Tal,s x 100 @)

Where [TA]lip represents the amount of active molecule encapsulated in the liposomes, determined

by the calibration curve, and [TA]tot is the total amount of triamcinolone used in the synthesis.

1.2.5 NMR Analysis



A Bruker DRX-600 Avance III spectrometer operating at 600.13 MHz was used to acquire 'H NMR
spectra. Data processing was performed using Mestre Nova software.
To acquire spectra, the sample were dried under N, and resuspended in D,O, the 'H NMR spectra

were recorded using the pulse sequence zgesgp.
1.2.6 Frequency-Sweep test

To evaluate mechanical properties such as elasticity (elastic modulus G') and viscosity (viscous
modulus G"), the hyaluronic acid-based gel and the hyaluronic acid-based gel combined with
liposomes (both with triamcinolone acetonide and empty) were subjected to a frequency-sweep test.
The test was performed by applying a constant strain (y) equal to 0.1%, to maintain the material in
the linear viscoelastic regime, thus avoiding breakage or permanent deformation of the sample. The
oscillation frequency was varied within a range from 0.01 Hz to 10 Hz, to explore the material's
behaviour across a broad frequency spectrum (from the low-frequency regime—in which the material
behaves predominantly as a viscous fluid—to the high-frequency regime—in which elastic behaviour
is predominant). The test was conducted at a constant temperature of 25°C, to minimize the influence
of thermal variations on the sample's mechanical properties. In addition to recording the elastic (G')
and viscous (G") moduli, the crossover frequency (the point at which G' and G" become equal) was
analysed. This parameter provides critical information on the balance between the solid and elastic
behaviour of the material: the crossover frequency represents the transition point from a regime of
predominantly viscous behaviour (G" > G') to a regime in which elastic behaviour becomes dominant

(G' > GH)'

1.2.7 Flow-Sweep test

To determine the viscosity of the three samples as a function of the applied shear rate, a flow-sweep
test was performed. The test was conducted by applying an increasing shear rate (y’), with values
ranging from 0.01 s™* to 10,000 s, to cover a wide range of flow conditions. The temperature was

kept constant at 25°C throughout the experiment.

1.2.8 Differential Scanning Calorimetry (DSC)



The instrument used is a DSC Q1000 (TA Instruments Leatherhead, United Kingdom). The
instrument management software is Thermal Advantage Release 5.5.22; the data management
software is TA Instruments Universal Analysis 2000 (v4.5.4). The experimental protocol involves an
initial controlled cooling, applying a ramp rate of 0.20°C/min, until a temperature of - 40.00°C is
reached; the samples was subsequently held at an isothermal temperature of - 40.00°C for 5.00
minutes, to uniform the sample temperature. At the end of the isothermal cooling, heating was

performed with a ramp rate of 0.20°C/min until a final temperature of 70.00°C was reached.

1.3 Results and Discussions

1.3.1 Dynamic light Scattering

The z-average, polydispersity index (PDI) and zeta potential () of both loaded and empty liposomal
samples were measured. The polydispersity index (PDI) is a key parameter for assessing the
uniformity of particle size distribution. A low PDI indicates a monodisperse system, characterized by
particles of homogeneous size; a PDI above 0.4 reflects a heterogeneous system, with higher
variability in particle size.

The { potential plays a crucial role in determining the stability of nanoparticles in dispersion*®. When
a material comes into contact with a liquid, the functional groups present on its surface interact with
the molecules in the solution, and this interaction generates a surface charge that attracts oppositely
charged ions from the liquid. These ions naturally arrange themselves, forming a double
electrochemical layer around the surface of the material, composed of a layer of strongly bound ions
(Stern layer) and an external "diffuse layer" of loosely bound ions.

When the particle moves due to Brownian motion, a difference is created between the ions in the
diffuse layer, which move with the particle, and those that remain in the solvent. This separation gives
rise to the so-called slip plane®”. The { potential represents the electric potential measured at this plane
during the movement of the nanoparticle in an electric field. Nanoparticle dispersions can be
classified based on the value of the { potential: dispersions with { values between £ 0 —10 mV are
considered highly unstable, while values between + 10-20 mV, + 20-30 mV and above + 30 mV
correspond to relatively stable, moderately stable and highly stable systems, respectively?*.
Furthermore, the { potential can be used to classify nanoparticles as neutral (—10 to +10 mV), cationic

(>+30 mV) or anionic (< —30 mV)?®,



Z-average (nm) £sd PDI + sd z-pot £ sd

227+0,7 0,130 + 0,004 37,52+ 1,17
TA sample

(SoyPC, Dope, Dotap, TA)

171,8+3,9 0,177 £ 0,026 35,65+0,70
Empty sample

(SoyPC, Dope, Dotap)

Table 1. Liposomes’ medium size, PDI and { -pot.

The average particle size of 227 nm observed for the triamcinolone-loaded liposomal system indicates
a narrow and uniform size distribution, reflecting a high level of control and reproducibility in the
synthesis process. Such consistency in particle size is crucial for ensuring predictable
pharmacokinetic and pharmacodynamic behavior upon administration. The polydispersity index
(PDI) of 0.130 further supports this observation, as it suggests the presence of predominantly
homogeneous particles with minimal size variation. A low PDI is particularly important in
nanoparticle formulations, as it correlates with improved physical stability, reduced aggregation, and
enhanced reproducibility of biological responses.

The measured zeta potential ({) value of 37.52 + 1.17 mV signifies strong electrostatic repulsion
among the liposomal particles, which is a key factor contributing to colloidal stability by preventing
aggregation and sedimentation over time. Such a high positive zeta potential is indicative of a robust,
stable colloidal system that can maintain its structural integrity in physiological environments,
thereby enhancing the potential for effective drug delivery in clinical settings.

In contrast, the formulation prepared without the active molecule (blank liposomes) exhibited an
average size of 171.8 £ 3.9 nm, which is significantly smaller and consistent with the absence of drug
loading. This size difference aligns with the expected behavior whereby the encapsulation of the
triamcinolone molecule leads to an increase in liposomal diameter, confirming that drug incorporation
directly influences vesicle size. The PDI for the blank liposomes was slightly higher than that of the
loaded system, indicating a marginally broader size distribution. While this suggests somewhat
greater heterogeneity in particle sizes, the value remains within acceptable limits for liposomal
formulations, indicating an overall stable and functional system.

Finally, the zeta potential of the empty liposomes closely mirrors that of the triamcinolone-loaded
liposomes, reaffirming the intrinsic stability of the liposomal carrier regardless of drug encapsulation.

Taken together, these physicochemical parameters demonstrate that the developed liposomal system



possesses desirable attributes, which are essential prerequisites for potential clinical application as an

effective ocular drug delivery platform.

1.3.2 Encapsulation Efficiency

The quantitative determination of triamcinolone was carried out using the method previously
described and interpolating the area of the peak obtained with the calibration line shown in Figure 5,
where the absorbance (measured in mAU*min) is reported on the ordinate axis (Y) and the

concentration of the compound (ppm) on the abscissa axis (X).

Triamcinolone Acetonide
22.0+
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Figure 5. Calibration line for triamcinolone acetonide.

HPLC analysis showed that the amount of triamcinolone effectively encapsulated in the liposomes
was 86%. This data highlights the system's good ability to retain triamcinolone. Such a high efficiency
also indicates that the liposomal formulation has the potential to ensure controlled release of the drug,
improving the bioavailability of the active ingredient. Furthermore, the obtained value suggests good
stability of the liposomal structure, indicative of a system capable of containing the active ingredient

without significant losses or rapid degradation®.

1.3.3 NMR Analysis

Nuclear magnetic resonance was used to verify the presence of triamcinolone inside the liposomes,

comparing the 'H NMR spectra of the two liposomal solutions (Figure 6).



Figure 6. 'H NMR spectrum of triamcinolone, SoyPC, Dope, Dotap liposomes (red) and SoyPC, Dope, Dotap
liposomes (blue). These spectra are recorded at 600 MHz and 298 K.

Microfluidic synthesis involves the use of ethanol (organic phase), which appears in the spectrum,
masking the weaker peaks of the lipid components. Interference caused by ethanol and the excessively
low concentration of the systems therefore made it difficult to accurately identify the specific signals
of the active ingredient and its interactions with the liposomes. For this reason, figures 6 show 'H
NMR spectra with increased intensity.

In this case, both spectra highlight peaks associated with the lipid components of the liposomal system
(SoyPC, Dope, Dotap), particularly in the region between 1 and 5 ppm. These peaks correspond to
the methyl, methylene, and aliphatic protons of the lipids, common to both formulations. In the
sample containing triamcinolone, a significant variation emerges in the range between 6 ppm and 7.5
ppm, which is absent in the empty liposome formulation: these signals can be attributed to the
aromatic or unsaturated protons of triamcinolone, suggesting good encapsulation of the active

molecule within the liposomal structure.



This evidence is further supported by the literature, which shows the 'TH NMR spectrum (600 MHz,

CDs;0D, 25 °C) of triamcinolone, highlighting peaks at 6.09 ppm (1H, H4, t, 1.8 Hz), 6.29 ppm (1H,
H2, dd, J2-1 =10.1 Hz, J2-4 = 1.8 Hz), and 7.38 ppm (1H, H1, d, J1-2 = 10.1 Hz)*. The presence
of these peaks reflects the interaction of the drug with the lipid matrix and confirms its effective

inclusion in the formulation.

.W-J“IWWW'LWJLWM b

Ll

74 72 70 68 66 64 6.2 6.0ppm

Figure 7. "H NMR (600 MHz, 25 °C) spectral regions of olefinic protons of TrA in CD;OD (a) and in
D,O (vertical scale x 1000) (b). Comparison demonstrated that the patterns of the spectral parameters in the

two solvents were quite similar.

1.3.4 Rheological property analysis

Viscoelastic behaviour describes a sample's response to controlled external stimuli: this behaviour
can be measured using the elastic modulus (G') and the viscous modulus (G"). The G' modulus
represents the elastic portion of the material and indicates the mechanically conservative portion of
the sample, while the G" modulus represents the mechanically dissipative portion of the sample. Both
moduli were measured as a function of frequency by subjecting them to a Frequency-Sweep test: a
constant shear strain is applied to the sample in oscillatory mode, within a given frequency range.
This distinction between the two moduli allows us to understand the sample's response to the dynamic

forces to which it is subjected, providing information on its ability to store and dissipate energy™!.

70
G'= —cosd
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Table 2. Mathematical relations for viscoelastic characterization.

Table 2 illustrates the mathematical relationships for the viscoelastic characterization, where 10 and
v0 represent the maximum stress and strain amplitudes, respectively. The phase angle o is a key
parameter that indicates the delay between the applied stress and the resulting strain during the
oscillatory test, and therefore between the applied stress and the material response. For predominantly
elastic materials, the value of tan d is less than 1, implying that G’ is greater than G". This behaviour
suggests that the material acts primarily as an elastic solid, with a significant capacity to store energy.
Conversely, for predominantly viscous materials, tan 0 is greater than 1, indicating that G" is greater

than G': this indicates that the material dissipates a greater amount of energy in the form of heat than

it stores*?.

Figure 8 depicts the viscoelastic behaviour of the three systems.
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Figure 8. Viscoelastic behavior of the three solutions.

The graph shows frequency on the X-axis and the complex modulus G* on the Y-axis, which is a

measure of a material's resistance to mechanical deformation. The complex modulus is defined as
G*= |G'|+i|G"|43.



The graph shows the three systems, where the blue curve represents 1% NaHA (HMW), i.e., 1% w/v
high molecular weight hyaluronic acid, the red curve represents 1% w/v NaHA (HMW) with the
addition of empty liposomes, and the green curve represents 1% w/v NaHA (HMW) with loaded
liposomes. From an analysis of the curves, it is noted that the 1% w/v NaHA (HMW) solution (blue
curve) has the lowest complex modulus compared to the other solutions, which is consistent with the
fact that it is the base solution, without colloidal reinforcement. The addition of liposomes (red curve)
causes an increase in the complex modulus G*, indicating an increase in overall mechanical properties
compared to the base solution. This phenomenon can be attributed to the interaction between the
liposomes and the hyaluronic acid matrix. The addition of loaded liposomes (green curve) results in
a lower G* compared to the formulation with empty liposomes. This suggests that liposome loading
may interfere with the structuring of the matrix, reducing the interactions between the polymer and
empty liposomes.

In addition to the measurement of the complex modulus, the tan § (Figure 9) was analyzed to evaluate
the viscoelastic behavior of the materials at different frequencies and to compare their respective
cross-over frequencies. This parameter, defined as the point where tan 6 = 1, represents the condition

in which the elastic and viscous contributions of the material are equivalent.

102,
O Q
o 1 39° R
=
£ °838 geeeegea
g8 9 9088 0%60
= 10°% 838883 °°oo
© | @ NaHA(HMW)_1%
b= ©  NaHA (HMW)_1%-+Empty Liposomes 8

@  NaHA (HMW)_ 1%+ TA Liposomes
107
102 107 10° 10°

Frequency f (Hz)

Figure 9. Trend of tan ¢ as a function of frequency for the three samples.



The cross-over frequency therefore marks the transition from a regime dominated by viscous behavior
(G" > (') to one where the elastic response becomes predominant (G' > G"). Figure 9 shows the trend
of tan 6 as a function of frequency for the three analyzed samples: NaHA HMW 1%, NaHA HMW
1% with empty liposomes, and NaHA HMW 1% with TA-loaded liposomes. In all cases, tan &
decreases with increasing frequency, indicating a progressive enhancement of the elastic character of
the materials.

At higher frequencies, the material gradually exhibits a more elastic response, storing energy rather
than dissipating it. This behavior corresponds to an increase in rigidity and highlights the transition
from a predominantly viscous to a more elastic regime.

The hyaluronic acid-based gel shows higher tan 6 values compared to the other samples, with a curve
that remains above the others across the entire frequency range. This behavior indicates greater energy
dissipation and a more pronounced viscous component.

Conversely, the sample containing empty liposomes exhibits lower tan 6 values, suggesting a more
elastic behavior and reduced energy dissipation.

The TA-loaded liposome sample occupies an intermediate position: at low frequencies, it displays
higher tan 6 values than the empty liposomes, reflecting increased energy dissipation and a more
viscous character; however, at higher frequencies, the difference between the two samples diminishes,
suggesting that the influence of the active ingredient becomes less significant as frequency increases.
The crossover points (indicated in black) are shown in the Figure 8 but also the table below shows

the frequencies at which the crossover points fall.

Table 3. Cross-over frequency of the tree samples.

Sample Frequency di Cross-over (Hz)
NaHA (HMW) 1% 7,9
NaHA (HMW) 1% p/v + Empty liposomes 1,0
NaHA (HMW) 1% p/v + liposomes TA 2,0

The table shows that the cross-over frequency is highest for NaHA HMW 1%, with a value of 7.9 Hz,
indicating that the base gel exhibits a more pronounced viscous component compared to the other
formulations. In this case, a higher cross-over frequency suggests that the base gel retains its viscous

nature up to higher frequencies.



The TA liposomes display a more pronounced viscous behavior than the empty liposomes; this
implies that, even beyond the cross-over frequency of the empty liposomes, the TA liposome
formulation continues to dissipate energy effectively before transitioning to a predominantly elastic
behavior.

The differences in cross-over frequency among the three samples highlight how their
physicochemical characteristics significantly influence the mechanical properties and rheological

behavior of the systems.

To evaluate the viscosity of the three systems, a flow-sweep test was performed: the measurement is
taken as a function of the rotation speed, in a range of values from 0.01 s-1 to 10000 s-'. The test

results are shown in Figure 10.
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Figure 10. Viscosity trend of the three solutions.

From the analysis of the graph, it is possible to state that a shear thinning or pseudoplastic behaviour
clearly emerges for all systems: this type of behaviour implies that the viscosity decreases as the shear
rate increases, a behaviour typical of polymer solutions**. When empty liposomes are present in the
system (red curve), the viscosity at low shear rate is higher than that of the NaHA-only solution. This
confirms what was observed in the oscillation tests, namely how liposomes increase the internal
interaction within the system, conferring greater resistance to flow. However, the difference in
viscosity between the system with the empty liposome and that with the polymer alone decreases as

the shear rate increases. Instead, the solution containing concentrated loaded liposomes (green curve)



exhibits a behaviour like that of the polymer alone, with an increase in viscosity at low shear rates
compared to the pure NaHA solution, but starting from 10s-' the two viscosity values become

comparable.

Table 4 shows the results obtained from the rheological analysis of the three samples subjected to the

flow-sweep test.

. Model: Flow Sweep test
Rheclagical aalyses: | oo reatiYasuda (0.01s" +10 000 s°)
2 n n
Samples M 2 (187 (10 000 s?)
NaHA 2.60 Pa.s 1.000 2.32 Pas 20.35 mPa.s
NaHA +Empty Liposomes 32,5 Pa.s  0.999 25.00 Pa.s 34.94 mPa.s
Bttt B A 6.02 Pa.s 1.000 5.14 Pa.s 17.06 mPa.s
Liposomes

Threshold value of ocular discomfort : 30 mPa.s; Retention limit: 10 mPa.s

Table 4. Rheological flow analysis of the three samples: Carreau-Yasuda model and Flow Sweep test.

The Carreau-Yasuda model is one of the equations used to describe the rheological behaviour of non-
Newtonian fluids, such as polymer solutions or colloidal suspensions. This model describes the
apparent viscosity of a fluid as a function of rotational speed and is particularly useful for representing
materials that exhibit pseudoplastic behaviour (materials whose viscosity decreases as the shear rate

increases). The Carreau-Yasuda model equation is given by (3):

N07) = Neo + (o — Ne0) [1+ ()] @
3)

n(y) is the apparent viscosity at a certain v n0 is the zero-shear rate viscosity; neo is the infinite
viscosity or shear thinning limit; A is a characteristic time parameter indicating the shear rate at which
the transition between the two viscosity regimes occurs; a is a parameter that governs the width of
the transition between the low and high-shear rate viscosities; n is the shear thinning exponent or
power index that describes the degree of viscosity decrease with shear rate*>. Table 4 reports the
values of 10, showing that empty liposomes (in red) have a higher viscosity than the other two
solutions, in agreement with what was shown previously. The Flow-Sweep test values demonstrate
that by applying an increasing shear rate, with values between 0.01 s and 10,000 s™*, to cover a wide

range of flow conditions, shear thinning behaviour is observed for all three solutions, with a slightly



different tendency between them. The coefficient of determination R2 (or squared correlation
coefficient) is also shown in the table.

The R2 values reported in the table suggest that the Carreau-Yasuda model fits the experimental data
very well for all analysed samples. As shown in the table, the threshold values for ocular discomfort
and the retention limit are critical in the evaluation of ophthalmic materials. Recent studies have
identified a threshold value of 30 mPa s for ocular discomfort at a shear rate of 10,000 s™', suggesting
that viscosities above this limit can cause sensations of heaviness or irritation due to the material's
resistance to movement in the eye®®. In parallel, a retention limit of 10 mPa s has been established.
This value is crucial to ensure that the materials remain in contact with the ocular surface long enough
to perform their function. If the viscosity drops below this limit, the materials may not adhere
sufficiently to the eye, being expelled prematurely and reducing the effectiveness of the treatment?’.
The triamcinolone-loaded liposome gel (NaHA + loaded liposomes) falls perfectly within the

established threshold values, with a viscosity of 17 mPa s. This value effectively balances good

retention without exceeding the limit that could cause ocular discomfort.

DSC calorimetry measures the difference in heat flow between a sample and a reference, both
subjected to the same thermal program. This technique allows monitoring all transitions involving
heat flow, such as melting or crystallization, providing crucial information on the thermal stability
and structural organization of the analysed materials®®. In this study, the melting temperatures and
enthalpies of water in the three samples were analysed, allowing us to identify differences and
providing evidence of possible interactions between the liposomal systems and the polymer, as
already detected by rheological analyses. In Figure 11, the energetic changes of the three solutions
as a function of temperature were examined, allowing us to observe the thermal transitions and the

related enthalpy changes, highlighting differences between the analysed samples.
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Figure 11. Thermal profile by DSC of the three solutions: variation of heat flux as a function of temperature.

The graph shows the temperature (°C) on the X-axis and the normalized heat flux (W/g) on the Yaxis.
The analysis shows that the blank sample (NaHA blank) exhibits a well-defined endothermic peak,
with a melting temperature of approximately -0.5°C and a melting enthalpy of 322.2 J/g (Table 5).
These results confirm the presence of a crystalline or semi-crystalline structure in the sample,
suggesting good molecular organization. This organization implies that a significant amount of heat
is required to cause the thermal transition, highlighting the thermal stability of the material. This
behaviour is consistent with the typical characteristics of well-organized and thermally stable
polymers** . The sample consisting of empty liposomes (empty NaHA+L), however, shows a lower
intensity endothermic peak than the blank sample, with a melting point of approximately -1.0°C and
a melting enthalpy of 175.5 J/g, implying that the structure melts more easily than the blank sample.
Finally, the sample containing liposomes loaded with active ingredient (filled NaHA+L+PA) shows
an endothermic peak at a melting point of approximately -1.8°C and a melting enthalpy of 283.1 J/g.
These results highlight that the melting point of water within the system is the lowest among the
analysed samples, which can be attributed to the influence of the active ingredient, which modifies
the molecular interactions in the system. The presence of the active ingredient, therefore, contributes
to a decrease in the melting point, indicating a greater ease of phase transition compared to the other
samples. Despite the lower melting temperature, the enthalpy of fusion remains at an intermediate

level, suggesting that the system maintains good molecular organization.



In conclusion, the analysis of the three solutions highlighted how the temperatures and enthalpies of
melting of the water in the samples reflect the influence of the different systems on the thermal
properties. In particular, the bilayer structure of the liposomes and the insertion of the active
ingredient facilitate a series of molecular interactions with the surrounding environment, significantly
modifying the thermal behaviour of the system. These interactions not only confirm the importance
of the liposome structure but also suggest a substantial influence of the active ingredient in

determining the heat transfer properties and stability of the system*’.

Table 5. Maximum temperatures and enthalpies of fusion of the three samples.

Sample T: (°C) Enthalpies of fusion (J/g)
Standard -0,5 3222
Empty Liposomes -1,0 175,5
Liposomes TA -1,8 283,1

1.4 Conclusions

Experimental data obtained by DLS revealed small differences between the two liposomal
formulations, particularly in size, suggesting that drug loading influenced particle size, making them
larger than empty liposomes. The synthesized liposomes exhibited good encapsulation efficiency,
demonstrating that the system is capable of containing the active ingredient without significant losses
or rapid degradation. Nuclear magnetic resonance imaging, despite the presence of ethanol and the
low concentration of the systems, still revealed characteristic peaks of triamcinolone acetonide and
lipid components, confirming the interaction of the drug with the lipid matrix.

The rheological properties of liposomes, such as viscoelasticity and viscosity, were analyzed to
understand how liposomes behave under the influence of external forces; specifically, the viscoelastic
behaviour of the three solutions (HA gel, HA gel with empty liposomes, HA gel with TA liposomes)
was compared using the Frequency-Sweep test. The results demonstrate that the viscoelastic
behaviour of liposomes containing the active ingredient is intermediate compared to the other two
solutions tested. Specifically, the base solution exhibited a more elastic behaviour, as evidenced by
the higher crossover frequency, while empty liposomes had a slightly lower crossover frequency than

loaded liposomes; this indicates that loaded liposomes contribute greater network stabilization than



empty liposomes. The differences observed in crossover frequencies confirm that the chemical and
physical properties of the three solutions significantly influence the mechanical characteristics and
rheological behaviour of the system, suggesting that encapsulation of the active ingredient has a
positive impact on the structural stability and rheological performance of the liposomal system.
Analysis of the viscosity of the three solutions, conducted using the Flow-Sweep test, revealed
significant differences between them. In particular, the gel based on liposomes loaded with
triamcinolone showed a viscosity trend that fell perfectly within the established threshold values. This
result is of great importance, as it ensures an effective balance between good retention of the active
ingredient and the maintenance of viscosity levels sufficient to avoid ocular discomfort. Therefore,
the loaded liposome formulation proves suitable for ophthalmic application, ensuring both stability
and tolerability.

Finally, the thermal properties of the liposomes were examined using differential scanning
calorimetry (DSC), revealing that the temperatures and enthalpies of water fusion in the samples
clearly reflect the influence of the different systems on the thermal characteristics. In particular, the
bilayer structure of the liposomes and the incorporation of the active ingredient facilitated a series of
molecular interactions with the surrounding environment, significantly altering the thermal behaviour
of the system. These interactions not only confirm the crucial role of the liposomal structure in
determining thermal properties but also suggest that the incorporation of the active ingredient has a

substantial impact on the heat transfer dynamics and the overall stability of the system.



2 Triamcinolone Acetonide Experimental Design

The production of nanoparticles is a complex process, in that even minute variations in synthesis
conditions can significantly affect their properties; these modifications can relate to physicochemical
characteristics (such as size, polydispersity and morphology), biological parameters (such as
absorption, permeability and stability in biological fluids) and pharmacological activity. One of the
critical aspects is reproducibility, which is essential to ensure consistent results, especially on a
production scale. Each type of nanoparticle has specific factors that influence its final formulation,
making careful control of the entire process necessary. The Quality by Design (QbD) approach has
emerged to establish strict guidelines for the approval of pharmaceutical products: product quality
can only be guaranteed if the critical factors involved in product variability are understood and
appropriately eliminated or controlled within a predetermined design space*®.

The QbD approach involves using experimental design (DoE) for the systematic optimization of
nanocarriers. In univariate analysis, in fact, all factors are set at a basic level, and a single factor is
modified at different levels, analysing the result of this modification on the final product. This classic
single-factor plan ultimately identifies the most important factors (or main effects) but does not
consider possible synergies/antagonisms between factors (interactions between factors). Furthermore,
it is not guaranteed that the best factor setting leading to an optimal product is correctly clarified. A
more efficient approach to unravel these critical interactions, of extreme interest in the QbD
framework, is the so-called statistical design of experiments (DoE). The DoE is a multivariate
statistical tool that allows identifying the relationships between the factors that influence a process
and the observed results, thus helping to identify the optimal synthesis conditions and the design
space: it consists of a series of randomized experiments (the number of experiments is defined by the
type of project) with different combinations of input factors, followed by a statistical analysis of
changes in the monitored responses. The measured response (y) is, consequently, the overall sum of
the effects due to individual factors, interactions between factors and experimental noise. The
equation of the resulting regression model that considers, for example, two quantitative factors (A

and B) can be expressed according to the general formula (4):

y = B0 + B1X1 + B2X2 + B12X1X2 + € (4)

where x1 and x2 represent the two independent factors, the beta parameters are the coefficients

determined by the experimental design and ¢ is the experimental error*’. The existence of the term



B12x1x2 indicates that factors A and B contribute synergistically (if the sign is positive) or
antagonistically (if the sign is negative) to modify the response. The response equations can be
represented graphically by creating 3 D graphs and their respective 2 D contour plot graphs (Figure
12). The simplest first-degree linear polynomial is represented in Figure 12a. In this way, it is easy
to determine how a change in factor A or factor B produces a change on the response surface. The
progressive inclusion of higher-order terms in the polynomial leads to the curvature of the model
(Figure 12b,c). For optimization purposes, it may usually be necessary to include quadratic (Figure
12c¢) or, rarely, cubic terms to find a suitable fit of the model to the observed response. If more than
two factors are studied, the graphical representation can only be obtained by fixing a constant value

for the other factors studied.

Response
Response

Factor B

Factor A
(a) (b)

Response

Factor A

(c)
Figure 12. Three-dimensional response surfaces and respective two-dimensional contour graphs following (a) a linear
or first-order function and (b) a second-order equation. The inclusion of quadratic terms in the function allows detecting

the maximum or minimum values of the response (c).

It is convenient to start with experimental screening designs, which help to identify the variables truly
capable of influencing the response. Among these, the most used is the two-level factorial design,
which allows only two values to be studied for each factor: considering k = the number of factors
studied, 2 k possible combinations between factors and levels are explored. Comprehensive factorial

experimental designs are a particularly advantageous solution when working with a limited number



of factors. In these drawings, all possible combinations between the factors and their respective levels

are analyzed, allowing maximum information to be obtained from each experiment conducted.

Factor B

[ 4
4l o 1%

-1 Factor A +1

Figure 13. Geometric representation of the eight series (dark spheres at vertices 1 to 8) of a complete three-factor,
twolevel factorial design (2 3). Each factor (A, B and C) is established at two levels, coded as -1 (low level) and +1
(high level). Note that each experimental series (vertices of the cube, numbered 1 to 8) is a unique combination of the

different levels for the factors.

A two-level factorial design that included three factors was used to optimize the synthesis of
triamcinolone-based liposomes achieved through microfluidics.

* Flow Rate Ratio (FRR), the aqueous phase/organic phase (H20O/EtOH) ratios, where the 1:1 ratio has
been assigned the level (-1) and the 1:3 ratio (+1)

* Total Flow Rate (TFR), flow 3000 pL/min (-1) and 5000 pL/min (+1)

* Amount of active substance, 0.2 mg/mL (-1) and 0.4 mg/mL (+1)
The project was carried out using Design Expertl3 (StatEase, Minneapolis, MN), which suggested a
total of 16 experiments (8 runs and their duplicates). Responses monitored during DoE are size, PDI
(polydispersion index), and encapsulation efficiency.

A PVA-based eye gel and an inulin-based one were synthesized using the optimized formulation.

2.2 PVA

Polyvinyl alcohol (PVA) represents a valid alternative to other polymers, thanks to its good
compatibility with ocular tissue, the ability to increase the viscosity of the formulation and prolonged
retention on the ocular surface. Unlike some high molecular weight polymers, PVA can be used at
concentrations that ensure filtration sterilizability and stability during thermal sterilization, without

generating potentially pro-inflammatory fragments*®,



It is commonly used to treat Dry Eye Disease (DED), a multifactorial condition that affects more than
20% of the world's population, with a significant economic and health impact.

To treat DED, artificial tears are commonly used, which must lubricate effectively, remain on the
ocular surface for as long as possible, and prevent the formation of dry areas. This is achieved via

viscoelastic formulations, based on water-soluble polymers or lipid nanocarriers*.

2.3 Inulin

Inulin is a natural polysaccharide, consisting mainly of fructose chains, known for its biocompatible,
biodegradable and non-toxic properties. The great potential of polysaccharides (particularly inulin),
due to their favourable characteristics such as mucoadhesion, cytocompatibility and innate ability to
interact with human cells and tissues has meant it founds promising applications in the pharmaceutical
field, including systems for ocular administration®’.

Additionally, the opportunity to enhance the polymer backbone was the driving force behind the

creation of a new inulin derivative (liposome based).

2.4 Materials and Methods

Soy Phoshatidylcholine, DOPE (1,2-dioleoyl-sn-glycero-3phosphoethanolamine), DOTAP (1,2-
dioleoyl-3-trimethylammonium propane) (Avanti Polar Lipids Inc).

The following reagents were used: ethanol (EtOH, purity > 99%, Merck Italia), methanol (MeOH,
Merck Italia), soda (NaOH, Merck Italia), ultra-pure water (18.2 MQ-cm, Rephile Direct-Pure
purifier), polyvinyl alcohol (PVA 31), inulin (C6nH10n+205n+1), sodium trimetaphosphate (STMP).

2.4.1 Preparation of Triamcinolone acetonide liposomes

An Automated Nanoparticle (ANP) System (Particle Works, Alfatest) was used for the synthesis of
liposomes via microfluidics. The lipids were mixed according to a molar ratio of SoyPC 0.5 Dope
0.25 DOTAP 0.25 in ethanol (organic phase) with the active molecule too. A total of eight samples
were synthesized, each with the corresponding duplicate, using a 190 um (channel size/section)
junction chip. So, the lipids composition is the same for every formulation, we change only the

amount of TA and some instrumental parameters.



The synthesis was conducted by varying the three factors considered for experimental design (table

6).

Table 6. Parameters for liposome synthesis: FRR, TFR, amount of TA.

Samples Flow Rate Ratio Total Flow Rate Triamcinolone (mg/mlL)
(FRR) (TFR), (nL/min)
I 11 3000 02
2 13 3000 02
3 11 5000 02
! 13 5000 02
3 11 3000 04
6 13 3000 04
7 11 5000 04
8 13 5000 04

The synthesized liposomes were dialyzed by Midi Pur-A-Lyzer. Prior to dialysis the membrane was
equilibrated with ultra-pure water. Dialysis was carried out with the aim of eliminating ethanol and

maintaining a totally aqueous environment in view of the subsequent synthesis of the ocular gel.

2.4.2 Preparation of Ocular gel

A solution of 31 kDa PVA (5% v/v) was used: the optimal behaviour of polysaccharides as viscosifiers
is due to their anionic nature. PVA has been modified by adding, along its chains, phosphate groups
which can both stabilize the pH without altering osmolality and give the polymer an adequate thinning
behaviour thanks to its anionic structure. Moreover, since the phosphate groups are chemically bound
to the polymer chains, the risks typically associated with the use of phosphate-buffered systems are
significantly reduced: phosphate buffers infact, are commonly employed to regulate osmolality;
however, recent studies have shown that high concentrations of phosphate buffer can lead to

irreversible corneal calcification, potentially resulting in vision loss.



The PVA phosphorylation reaction was performed following the procedure reported in the article

“Modified low molecular weight poly-vinyl alcohol as viscosity enhancer,” Leone et al*.
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Figure 14. Schematic representation of polymer phosphorylation.

The inulin was reacted with Trisodium trimetaphosphate (STMP) using the same process.
At the end of the reaction, both products were purified by dialysis with ultrapure water in order to

remove unreacted STMP and phosphates. The purified product was then frozen and subsequently
lyophilized.

Liposomes were added to the PVA and inulin solutions separately to obtain a final solution
respectively 10 mg/mL and 2 mg/mL: the suspension was maintained under magnetic stirring until

the two polymers were completely solubilized.

2.4.3 Dynamic Light Scattering

Particle size and zeta potential were verified using dynamic light scattering (DLS) with a Zetasizer
Nano ZS90 (Malvern Instrument Ltd., UK). Samples were diluted in ultra-pure water and the
measurement was performed at room temperature (25°C). Measurements were conducted in

triplicate.

2.4.4 Encapsulation Efficiency

The encapsulation efficiency (EE) represents the amount of active molecule actually encapsulated in
the liposome compared to the initial amount employed for loading; such a parameter is critical for
assessing the potential use of vesicles as drug delivery systems. The encapsulation efficiency was
determined by HPLC (Thermo Fisher Scientific UltiMate 3000) using a UV-Vis diode array detector
(DAD).

For analysis at HPLC, a 2.6 um C18 reversed phase Kinetex column with a length of 150 % 2.1 mm
was employed. For the mobile phase, H>O (A) and Acetonitrile (B) were used, both acidified to 0.1%

with formic acid. The samples were diluted in methanol, vortexed and subsequently subjected to solid



phase extraction (SPE), with the aim of retaining the phospholipids and releasing only the active
ingredient. The samples were then injected in column and the chromatograms recorded at a
wavelength of 254 nm. For the quantitative determination of the encapsulated active ingredient, a
calibration line was constructed in the concentration range 1-50 ppm of triamcinolone.

The calculation of the encapsulation efficiency percentage (%EE) was carried out by the following

equation (5):

[ralliv 100

%EE = [TA]tot (5)

Where [TA] lip, calculated by means of the calibration line, indicates the amount of Triamcinolone
encapsulated within the liposomes, while [TA] tot represents the total amount of active ingredient

used at the time of liposome synthesis.

2.4.5 Infrared Spectroscopy

To verify the occurrence of PVA and inulin phosphorylation, a FTIR-ATR (Fourier Transform Infrared
Spectroscopy, Attenuated Total Reflectance) analysis was performed both before and after synthesis.
IR analyses were performed with a ThermoNicolet IS20 spectrometer equipped with a multiple ATR
diffusion cell and a 45° germanium crystal as an internal reflection element. Spectra were acquired

between 4000 and 450 cm-1 at the spectral resolution of 4 cm-'.

2.4.6 Flow-Sweep test

To determine the viscosity of the three samples as a function of the applied shear rate, a flow-sweep
test was performed. The test was conducted by applying an increasing shear rate (y’), with values
ranging from 0.01 s™! to 10,000 s™', to cover a wide range of flow conditions. The temperature was

kept constant at 25°C throughout the experiment.

2.4.7 Creep test

The creep test is a mechanical test used to study the behavior of a material subjected to a constant

load over time: a constant stress is applied to the material, and the resulting deformation is measured



throughout the duration of the test. In this case, the measurements were conducted at a temperature

of 25 °C, applying a constant stress of 1 Pa for a total duration of 180 seconds.

2. 5 Results and Discussions

2.5.1 Experimental Design

For each of the 16 conducted syntheses the mean size, PDI, zeta potential was measured via Dynamic
Light Scattering, and the system encapsulation efficiency was verified via High Performance Liquid
Chromatography (HPLC). The results are shown in Table 7 (refer to table 6 for coding the samples).
For ocular drug delivery systems, the average size of the nanoparticles and the polydispersion index
(PDI) are the factors that are mainly optimized in experimental projects. In general, particles of size
<200 nm are believed to offer adequate permeability and mobility across eye barriers, while small
particles (approximately 20 nm) are rapidly eliminated; populations with a narrow particle size
distribution (PDI < 0.2) are also desirable. The zeta potential determines the degree and sign of
electrostatic forces between nanoparticles, which influence their stability and aggregation behaviour.
Regarding colloidal stability, high absolute values (about £20 mV) are of interest, since lower values
could be exceeded by attractive forces between particles, leading to instability of the formulation®’.
Furthermore, following a topical route of administration, the presence of a cationic surface charge is
believed to improve residence time due to interaction with the negatively charged corneal epithelium
and mucins (high molecular weight glycoproteins) of the lacrimal fluid and conjunctiva. The amount
of drug loadable and the encapsulation efficiency are also variables to be optimized through DoE.
The first represents the maximum percentage of drug that can be encapsulated in nanoparticles, while

the second quantifies the efficiency of this loading process during formulation production.



Table 7. Z-average, PDI, { potential and encapsulation efficiency measured for each sample.

Campione | Z-average + sd (nm) PDI+ sd Z-pot: sd (mV) | EE (%)
1 243,6 +3,5 0,165+ 0,027 19,9+0,7 84%
2 128,6 £20,9 0,340 0,109 11,2+0,3 74%
3 125,0+0,5 0,238 + 0,002 18,1+0,3 83%
4 134,4 +£25,5 0,434 + 0,090 31,1+1,3 77%
5 166,6 4,4 0,283 £ 0,024 17,2+1,0 76%
6 285,4+22 0,449 + 0,052 20,4+2,1 69%
7 101,0+7,6 0,363 £ 0,055 47,4+2,2 82%
8 266,9 + 106,4 0,306 £ 0,065 44,6+2,0 69%

For each answer, a statistical analysis was conducted, through which a mathematical model and a
polynomial equation were developed that take into account individual effects and interactions
between factors. The validity of the model was evaluated considering the value of p, the value of F,
the difference between adjusted and predicted R2. These criteria ensure sufficient model power to

discriminate effectively between real variations and statistical noise.

Z-average model

The full factorial 2* experimental design allowed us to analyse the effect of three factors (Flow Rate
Ratio, Total Flow Rate and the amount of active compound used in the formulation) on the Zaverage
response.

The experimental model includes the main effects, two- and three-factor interactions. The model has
a p-value of less than 0.05 and an F-value of 10.76 which indicates correlation between the response
variable and the three factors taken into consideration.

The term Adequate Precision is an indicator of the quality of the model that measures the signal/noise
ratio: the value 8.772 indicates an adequate signal and that this model can be used to navigate the

design space. Predicted R? is reasonably in line with Adjusted R? since the difference is less than 0.2.



Of the three factors chosen, only the A Flow Rate Ratio factor has a statistically significant value (p

< 0.05) and the combination of the A and C factors. Table 8 shows the values of F and p for each of

the first and second order factors taken into consideration obtained through ANOVA.

F-value p-value

A Flow Rate Ratio 7,61 0,0008
B Total Flow Rate 2,52 0,1406
C Triamcinolone 3,10 0,1060
AC 29,82 0,0002

Table 8. F-value and p-value for the first and second order coefficients.

The generated coded equation for the Z-average response is:

185,919 + 25,5312 * A -14,6937 * B + 16,2937 * C + 50,5313 * AC

The sign of the coefficients provides an indication of the trend of the variable to be determined as a

function of that factor: a positive value indicates a direct proportionality between factor and response,

while a negative value indicates an inverse relationship. In this case, the combined factors A Total

Flow Rate and C quantity of active ingredient are those that have the greatest impact on size, with a

direct proportionality trend.
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Figure 15. 3D response surface graph for the factor A e C.

The 3D model graph helps us to better visualize the combination of the two significant variables A
and C, while the third factor B is kept constant at an intermediate value. The graph highlights an
increase in size with the use of the combination A +1 and C +1, while the remaining combinations
show conditions in agreement with the literature: using greater ratios of aqueous phase, compared to
the organic phase favors the formation of nanoparticles lower. This phenomenon is explained by the
fact that the self-assembly of liposomes, under conditions of increasing polarity of the solution, occurs
from intermediate structures of bilayer phospholipids. When the aqueous phase prevails over the
organic phase, the ethanol concentration can easily reach a critical value that prevents the

magnification of these intermediate structures, thus limiting their final dimensions.

PDI model

For the polydispersity index (PDI) the selected factor model is significant, with a p-value of 0.0018
and an F-value of 9.43. The term Adequate Precision, an indicator of the quality of the model and
which measures the signal/noise ratio, is equal to 7.002 which indicates an adequate signal and that
this model can be used to navigate the design space. Predicted R? is reasonably in line with Adjusted
R? since the difference is less than 0.2. Again, only the A Flow Rate Ratio factor is significant, along

with the combination of A and C factors.



Table 9. F-value and p-value of the first and second order coefficients obtained through ANOVA.

F-value p-value
A Flow Rate Ratio 16,19 0,0017
B Triamcinolone 3,24 0,0970
AC 8,88 0,0115

The coded equation generated for the PDI model is:

0,31345 +0,07345 * A+ 0,0328625 * C -0,0543875 * AC

It should be noted that a positive value indicates a direct relationship between factor and response,

while a negative value indicates an inverse relationship. The significance of the PDI factor
coefficients is related to the significance of the size coefficients.
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Figure 16. 3D response surface graph for the factors A e C.



Again, we report the 3D response surface graph for significant factors A and C, keeping factor B
constant at an intermediate value. As the coefficients of the equation suggested, the negative

combination of both variables leads to obtaining lower values of PDI.

Encapsulation Efficiency (EE) model

The model obtained for the encapsulation efficiency is not statistically significant: the p-value is
greater than 0.05 while F-value is equal to 1.70. Consequently, all factors studied are also not
statistically significant. These results suggest that the independent factors considered in this study do
not significantly influence the value of the encapsulation efficiency; thus, a statistical model

describing the response variation as a function of the selected variables cannot be obtained.

TA Liposomes Optimized Formulation

Experimental Design was used with the idea of improving the SoyPC/Dope/Dotap liposomal
formulation loaded with triamcinolone by reducing its size and PDI and maximizing encapsulation
efficiency. For this last point, the model was not significant and was therefore not included in the
optimisation. The utmost importance was given to the PDI (+++++), while for the dimensions it is
important to remain in the range from 100 to 200 nm. Through the Software Design Expert, the
solution that meets the set criteria and has the highest desirability index (0.869) has been identified

and includes: A Flow Rate Ratio -1, B Total Flow Rate +1 and C Triamcinolone -1.
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80 283 0.1 0,502 5477 91.23

Dimension =179.931 PDI = 0.15275 EE% = 84,72

Desirability = 0,869
Solution 1 out of 73



Figure 17. The figure gives the three factors chosen to conduct Experimental Design, the conditions in which to use
them for optimized synthesis and the predicted values for each factor.

The liposomes thus obtained showed an average size of 128.9 + 1.055 nm and a PDI of 0.1992 +
0.0245. Both values were compared with the model prediction (Z-average 179.9 and PDI 0.153) and
were similar, confirming the validity of the model. The zeta potential of the liposomes was also
measured, for a value of +41.26 = 7.58. The encapsulation efficiency was still measured and found to

be 76%. The optimized formulation was used for subsequent ocular gel synthesis.

2.5.2 Infrared Spectroscopy

Infrared analysis was performed to verify the introduction of phosphate moieties along the chains.
Figures 18 and 19 show the comparison between the polymers before and after phosphorylation,
while the main observed wavenumbers are summarized in Table 10 along with their corresponding

assignments.
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Figure 18. PVA31 and PVA31 Phosphorilate infrared spectra.

The most notable difference between the PVA31 and PVA31 P spectra is the appearance, in the latter,

of intense absorption bands attributed to phosphate groups, observed at 1304 cm™ and 1020 cm™,



corresponding to the O=P-O stretching and P—O bending vibrations, respectively. In both spectra, a
broad band is observed in the 3000—3500 cm™ region, attributable to the stretching vibrations of
hydroxyl (OH) groups involved in hydrogen bonding, which are characteristic of the PVA structure.
Additionally, a band appears between 2908 and 2940 cm™, corresponding to the symmetric and
asymmetric stretching of CH2 groups along the polymer backbone.

For PVA31, a distinct band is visible at approximately 1730 cm™, associated with the stretching
vibration of the carbonyl group (C=0) from residual acetyl groups. The presence of these groups is
indicative of a low degree of hydrolysis of the commercial polymer. In contrast, in the PVA31P
spectrum, this band shows a significant decrease in intensity and is shifted to around 1649 cm™. This
shift is attributed to the strongly basic environment (pH =~ 12) used during the phosphorylation
reaction, which promotes the deprotonation of hydroxyl groups. The reduced intensity of the 1147
cm™' band, along with the shift of the OH stretching band toward higher wavenumbers in the PVA31P
spectrum, confirms a partial disruption of the hydrogen bonding network. This effect can be attributed
to the involvement of some hydroxyl groups in the phosphorylation process, as deprotonated

hydroxyls serve as the nucleophilic sites for phosphate group attachment*.
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Figure 19. Inulin and Inulin Phosporilated spectra.

Regarding inulin, both spectra show the presence of the broad OH stretching band in the 3000-3500

cm™! region, as well as the characteristic band corresponding to CH: stretching vibrations>!. Evidence



of successful phosphorylation of inulin is provided by the appearance, in the spectrum of
phosphorylated inulin (Inulin P), of two bands that are absent in the spectrum of the unmodified
polymer. Specifically, a band at 1242 cm™, attributed to the stretching vibration of the O—P=0 group,
and a band at 768 cm™', which—despite being slightly shifted from the expected value—can be
associated with the P-O bending vibration. The presence of these two bands clearly indicates the

successful functionalization of inulin with phosphate groups.

Table 10. Main observed wavenumbers in FTIR spectra of phosphorylated PVA 31, PVA 3, inulin and phosphorylated

inulin together with their assignments.

PVA31 PVA31P

Wave number (cm™) and Functional Groups

3316 Stretching v OH

3263 Stretching v OH

2936-2908 Stretching v CH»

2940-2908 Stretching v CH»

1730 Stretching v COOR

1649 Stretching v COOR

1425 Bending CH»

1417 Bending CH>

1086 Bending OH

1304 Stretching -O-P=0

1089 Bending OH

1020 Bending P-O




INULIN

INULIN P

Wave number (cm™) and Functional Groups

3293 Stretching v OH

2926-2882 Stretching v CH!

2928-2887 Stretching v CH»

1646 Stretching v C=0

1638 Stretching v C=0

1242 Stretching O-P=0

1107 Stretching v C-O

1113 Bending OH

1013 Bending OH

923 Bending CH,

928 Bending CH»

768 Bending P-O

3293 Stretching v OH

2926-2882 Stretching v CH,

2.5.3 Rheological property analysis

Rheological properties describe how a material responds when subjected to mechanical stress,
providing detailed information about its ability to flow and deform. In particular, viscosity and time-
dependent viscoelastic behavior were analyzed in order to understand how the formulations respond
under stress and how they can be optimized for various applications. These properties directly
influence the formulation's stability, ease of handling, and ability to achieve controlled drug release.
These analyses were performed on the two PVA and inulin-based gels, respectively enriched with

triamcinolone-loaded liposomes; each of the two samples was compared with the gel formulation

with no liposomes added and the liposome loaded with dialyzed triamcinolone alone.

The viscosity of the two systems was evaluated through a flow sweep test. Figure 20 shows the

viscosity versus shear rate curves for the phosphorylated inulin-based gel with, drug-loaded

liposomes and inulin P.
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Figure 20. Viscosity versus shear rate curves for the phosphorylated inulin-based gel with liposomes (green
curve), drug-loaded liposomes (red curve) and inulin P (blue curve).

It is observed that all curves show a decrease in viscosity as the shear rate increases, typical shear
thinning (pseudoplastic) behavior, characterized by low viscosity at high shear rates and high
viscosity at rest’>. The Inulin P system has higher viscosity values than the other two solutions,
indicating a more robust structure, capable of resisting the flow more. This effect could be attributed
to polymer-water interaction by hydrogen bonds.

The solution containing only liposomes is characterized by viscosity values lower than
phosphorylated inulin but higher than the Inulin P system with liposomes up to about 102 s-1; above
this shear rate, the viscosity values become comparable instead. This suggests that the inclusion of
liposomes within the phosphorylated inulin matrix likely interferes with polymer interactions,
reducing their resistance to flow.

Figure 21 shows the results of the flow sweep test for the PVA-based gel with the addition of
liposomes; as in the previous case, PVA31 and Triamcinolone-based liposomes were used for

comparison.
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Figure 21. Viscosity vs. shear rate curves for: phosphorylated PVA-based gel with liposomes (green curve),
drug-loaded liposomes (red curve) and phosphorylated PVA (blue curve).

The three samples analyzed clearly exhibit shear-thinning behavior, as their viscosity progressively
decreases with increasing shear rate. At shear rates around 10? s7!, the viscosity values tend to
converge; at lower shear rates, however (albeit to a lesser extent than what was observed for inulin)
some differences emerge, indicating distinct resistance of the internal structures in the three systems
to flow.

The PVA31 P sample presents slightly higher viscosity values compared to the TA liposomes solution.
Conversely, the TA liposomes sample shows higher viscosity than the PVA-based gel with liposomes
system, which displays the lowest viscosity values at low shear rates. This trend suggests that,
similarly to what was observed for inulin, the system composed only of polymer resists flow more,
albeit to a limited degree. This effect can be attributed to polymer—polymer interactions fostered by
the phosphate groups. The addition of liposomes into the polymer matrix, on the other hand, appears
to disrupt these interactions, reducing the compactness of the network and resulting in lower viscosity.
Both gels therefore demonstrate shear-thinning behavior, a beneficial trait for ocular drug delivery
applications. In particular, a low viscosity at high shear rates minimizes stress on the ocular surface

during blinking, while a high viscosity at rest enhances retention during the inter-blink interval. In



Compliance Jt) (1/Pa) @

this way, the gel remains in contact with the eye long enough to allow effective release of the active
compound. Additionally, it is important that the viscosity values are maintained within defined
threshold ranges: recent studies recommend a lower threshold of about 10 mPa-s to ensure adequate
retention, and an upper limit around 30 mPa-s, beyond which issues such as blurred vision or irritation
may arise®. The measured viscosities for the phosphorylated inulin and PVA-based gels containing
triamcinolone-loaded liposomes are approximately 1.0 mPa-s at high shear rate (10,000 s™') in both
cases, thus falling below the retention threshold. This suggests that the synthesized systems can be
applied, provided they are delivered and used at lower shear rates where the retention parameter is
satisfied.

The viscosity data obtained from the flow sweep test were complemented by a creep test, aimed at

evaluating the time-dependent behavior of the gels under a constant applied stress>.
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Figure 22. The figure A show the Compliance/Step time curves for: 1. gel based on inulin phosphorylated with
liposomes (green curve), 2. loaded liposomes in water (red curve) and 3. inulin phosphorylated in water (blu curve).
Figure B instead shows the compliance/step time curves for: PVA-based gel phosphorylated with liposomes (green

curve), charged liposomes (red curve) and PVA31 P (blue curve).

The analysis of the creep compliance curves reveals a typical viscoelastic behavior for all samples,
with the curves reaching a steady state after approximately 120 seconds, where the compliance tends
to stabilize.

For the phosphorylated inulin-based systems, only minimal differences are observed between the
sample TA liposomes and the pure polymer matrix, suggesting that the incorporation of liposomes

does not significantly alter the viscoelastic properties of the gel. This indicates that the structural
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rigidity of the inulin-based matrix is maintained even in the presence of loaded liposomes, which is
a crucial requirement for drug delivery applications.

Similarly, the addition of liposomes to the phosphorylated PVA matrix does not appear to modify its
time-dependent mechanical response, as the creep behavior remains comparable to both the pure
polymer and the liposomes in solution. Interestingly, this finding contrasts with the results obtained
from the flow sweep test, where the phosphorylated PVA gel exhibited greater structural compactness.
Nevertheless, the creep test confirms that the phosphorylated PVA remains a robust and stable system,
capable of encapsulating liposomes without compromising its mechanical integrity, thus making it a

promising candidate for controlled drug delivery applications.

2.6 Conclusion

Cationic liposomes (composed of SoyPC, DOPE, and DOTAP) loaded with triamcinolone were
synthesized for use in the preparation of two potential ocular gels based on PVA and inulin. The
liposomes were manufactured via microfluidics, combined with an Experimental Design (DoE) study.
This approach enabled optimization of the nanosystems’ formulation by identifying the operational
conditions most suitable for obtaining liposomes with acceptable mean size and polydispersity index
(PDI), as well as high encapsulation efficiency (EE). The DoE methodology allowed definition of the
relationships between input variables (flow rate ratio (FRR), total flow rate (TFR), and amount of
active ingredient) and liposome output properties (PDI, mean size, and EE%). From this study, it
emerged that factor A (Flow Rate Ratio) and the interaction between factors A and C (amount of
triamcinolone) significantly influence both PDI and particle size, thereby establishing a correlation
between these factors and the responses (i.e. Z-average and PDI). In contrast, no independent factor
was found to significantly affect encapsulation efficiency; consequently, no predictive statistical
model could be developed for that parameter.

The optimized liposome formulation was then used in the synthesis of the two gels: both base
materials (PVA and inulin) underwent a phosphorylation reaction, the success of which was verified
via FTIR-ATR spectroscopy.

Rheological analyses enabled investigation of the mechanical properties of the synthesized gels. In
particular, the viscosity profiles showed that both systems exhibit a shear-thinning behavior, which is
appropriate for ophthalmic application as it facilitates administration and reduces the mechanical

stress on the ocular surface during blinking. However, the measured viscosity values do not exceed



the minimum threshold considered necessary for adequate ocular retention. If the retention time is

insufficient, the therapeutic efficacy of the formulation may be compromised.



3 Dexamethasone

Although triamcinolone acetonide has been more widely used due to its availability, pharmacokinetic
profile, and ease of administration, dexamethasone is pharmacologically a much stronger ocular
corticosteroid; in fact, dexamethasone is five times more potent than triamcinolone acetonide and,
being more hydrophilic, it can achieve higher concentrations in the vitreous humor>'.
Dexamethasone is used in ocular therapy, especially to treat conditions that affect the inside of the
eye. It is given topically for conditions such as uveitis (inflammation of the uvea) or macular edema,
where it acts as a powerful anti-inflammatory, effectively reducing tissue damage caused by
inflammatory processes>*.

The long duration of action is a crucial aspect: the half-life of dexamethasone is significantly longer
than other short- or medium-acting glucocorticoids. Due to its clinical effect lasting between 36 and
72 hours, it allows for less frequent administration than molecules like cortisone, which have an action
limited to approximately 5-12 hours. An exploratory study was conducted to evaluate the potential of
encapsulating dexamethasone in drug delivery systems intended for ophthalmic use. The selected
formulations were liposomes and solid lipid nanoparticles (SLNs). Liposomes are particularly well-
suited for ocular applications due to their excellent biocompatibility and structural similarity to
biological membranes. This resemblance promotes fusion with corneal epithelial cells, thereby
enhancing the absorption of dexamethasone into ocular tissues. Moreover, liposomes can be
engineered to deliver the drug to both the anterior and posterior segments of the eye and are capable
of crossing challenging physiological barriers such as the blood-retinal barrier, especially when
appropriately modified. However, problems related to the stability of liposomes, along with their
limited drug retention capacity (which results in the need for more frequent administrations) has led
to the exploration of alternative formulations. Solid lipid nanoparticles represent an interesting
alternative for topical ocular application, particularly when a prolonged release of dexamethasone is
desired. Due to their solid structure and modifiable surface, SLNs can adhere to the ocular mucosa
and release the active compound in a slower and more controlled manner. This enables a reduction in
dosing frequency, thereby improving patient adherence to the treatment regimen. The main
limitations of SLNs lie in their reduced ability to penetrate deeper ocular tissues, which may limit

their effectiveness in targeting the posterior segment of the eye™.



3.1 Materials and Methods

DOPC(1,2-dioleoyl-sn-glycero-3-phosphocholine), DSPC(1,2-Distearoyl-sn-glycero-3-
phosphocholine) (Avanti Polar Lipids Inc.), Precirol ATO 5 was kindly supplied by Gattefosse
(France).

The following reagents were used: ethanol (EtOH, purity + 99%, Merck Italia), methanol (MeOH,
purity £ 99%), ultra-pure water (18.2 MQ-cm, Rephile Direct-Pure purifier).

3.1.2 Liposomes preparation

An Automated Nanoparticle (ANP) system (Particle Works, Alfatest) was used for the synthesis of
liposomes using microfluidics.

Two different samples were synthesized using DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)
and DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine): the main difference lies in the fatty acid
chains, in fact DOPC has two chains of unsaturated fatty acids (called oleoyls) which contain a cis
double bond in their structure while the DSPC is made up of two chains of saturated fatty acids
without double bonds. This structural difference greatly affects the physical properties of the two
lipids. DOPC has a very low phase transition temperature and membranes formed by DOPC are more
flexible and dynamic; in contrast, DSPC has a much higher transition temperature, around 55 °C.
DSPC-based membranes are therefore more stable and less permeable. Both were treated with
cholesterol. The addition of cholesterol to lipid membranes formed by DOPC or DSPC has a
stabilizing effect and significantly modulates membrane properties. In the case of DOPC, which is
naturally fluid at room temperature due to its unsaturated chains, cholesterol works by reducing
fluidity and increasing membrane stiffness. This happens because cholesterol inserts itself between
the fatty acid chains, limiting their movement and making the membrane less permeable and more
resistant to physical and chemical stress.

In the case of DSPC, which is already quite rigid and stable at room temperature due to its saturated
chains, cholesterol acts instead to prevent excessive stiffness and crystallization. By inserting itself
between saturated chains, cholesterol prevents the orderly organization of lipid molecules, keeping
the membrane more elastic and less fragile, improving its relative fluidity without compromising

overall stability.



The organic phase (ethanol) had lipid components and active ingredient added, while the aqueous
phase only contains deionized water. the corresponding lipid system without active compound was

also synthesized for both formulations.

3.1.2 Solid Lipid Nanoparticles preparation

For the synthesis of Solid Lipid Nanoparticles using microfluidics, an aqueous solution based on
Poloxamer was used, while Precirol ATO 5 and Dexamethasone in ethanol were mixed in the organic
phase. Precirol ATO forms the solid lipid matrix of the nanoparticle, where the drug is trapped, while
Poloxamer acts as a surface stabilizer, preventing aggregation and improving the dispersion of
nanoparticles in the aqueous phase; ocular tolerability largely depends on the nature of the surfactant
(non-ionic, ionic, cationic, or anionic) as well as the concentration used. Non-ionic surfactants, such
as Poloxamer 188, are generally better tolerated®®. Both empty SLNs and Dexamethasone-loaded

SLNs were synthesized.

3.1.3 Dynamic Light Scattering

Particle size and zeta potential were verified using dynamic light scattering (DLS) with a Zetasizer
Nano ZS90 (Malvern Instrument Ltd., UK). Samples were diluted in ultra-pure water (10% v/v) and
the measurement was performed at room temperature (25°C). Measurements were conducted in

triplicate.

3.1.4 Encapsulation Efficiency

Quantification of dexamethasone for the determination of encapsulation efficiency was achieved
using an HPLC-DAD instrument (Thermo Fisher Scientific UltiMate 3000). A Kinetex 2.6 um Polar
C18 column (150 x 2.1 mm 100 A) was used at a temperature of 40 £1°C.

Dexamethasone elution was achieved by exploiting a 60:40 mobile phase (%v/v) isocratic method of
water and acetonitrile both 1% acidified with formic acid. All chromatograms were recorded at 241
nm. For the quantitative determination of the encapsulated active molecule, a calibration line was
constructed in the concentration range 1-50 ppm of dexamethasone. . The encapsulation efficiency

was calculated using the following equation (6):



[DXT]lip
EE(%) = [DXTltot x 100 (6)

Where [DXT]lip represents the amount of active molecule encapsulated in the liposomes, determined

by the calibration curve, and [DXT]tot is the total amount of dexamethasone used in the synthesis.

3.1.5 Infrared Spectroscopy

An FTIR-ATR analysis of the synthesized samples was performed for the qualitative characterization
of liposomes and solid lipid nanoparticles loaded with dexamethasone.

Before being analyzed the sample was lyophilized (0.3 mbar, -41 °C, 24 h, 5-Pascal). The spectra
were acquired by means of a Nicolet iS50 FTIR-ATR (ThermoFisher scientific) spectrometer
operating in the 4000-800 cm-1 spectrum and equipped with an ATR (attenuated total reflectance)

multiple reflection cell with germanium crystal.

3.2 Results and Discussions

3.2.1 Dynamic Light Scattering

Particle size is typically expressed as the average diameter, which represents an intensity-weighted
measure of the scattered light. The Polydispersity Index (PDI) is essential for understanding the size
distribution within the sample: values close to 0.2 indicate a monodisperse sample, a preferred
condition in pharmaceutical applications as it ensures uniformity. The zeta potential reflects the
surface charge of a particle in suspension and provides information regarding the colloidal stability

of the system.

Sample Z-average + sd (nm) PDI + sd Z-pot = sd (mV)
Empty Liposome DOPC 191,7 £4,6 0,23 £0,003 -20,73 £0,9
Dexamethasone Lipo 116,9 +£2,2 0,27 £ 0,001 -28,17 £1,5

Table 11. Z-average, PDI and zeta potential of synthesized liposomes.



Empty liposomes have an average diameter of 191.7 + 4.6, while full liposomes show a smaller
average diameter (116.9 = 2.2) this difference could suggest that the addition of dexamethasone
resulted in a reduction in the overall volume of the liposome. Both liposomes (with a PDI around 0.2)
are monodisperse. Furthermore, the zeta potential of full liposomes has slightly higher values than
that of empty liposomes, which means greater colloidal stability and, therefore, greater electrostatic

repulsion, which reduces the risk of aggregation.
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Figure 23. Intensity distribution as a function of particle size obtained by Dynamic Light Scattering (DLS)
analysis of DOPC Liposomes.

Table 12 show the DLS results for DSPC liposomes:

Sample Z-Average = sd (nm) PDI £ sd Z-pot = sd (mV)

Empty Liposome DSPC 2102472 0,27 + 0,04 24,63+1,0

Dexamethasone Lipo 230,3+24 0,12 £0,003 -7,97 £ 1,1




The dexamethasone-containing liposome has a slightly larger average diameter than the empty
liposome, with an increase of approximately 20 nm. This increase in size may suggest that
incorporation of the drug resulted in an expansion of the liposome lipid structure, possibly due to the
interaction between dexamethasone molecules and membrane lipid components. Such interactions
can in effect change lipid organization and packaging.

Both systems are monodispersed, as indicated by size distribution analysis, which suggests good
uniformity in the particle population and a controlled and reproducible preparation. However, the zeta
potential detected for the dexamethasone-containing liposome is lower than for the empty liposome,
indicating less colloidal stability. This reduction in stability could be attributable to the presence of
the drug which affects the ability of the particles to electrostatically repel each other, by altering the

surface charge or organization of the lipid membrane.
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Figure 24. Intensity distribution as a function of particle size obtained by Dynamic Light Scattering (DLS)
analysis of DSPC Liposomes.



Table 13 show the DLS results for Solid Lipid Nanoparticles:

Sample Z-average £ sd (nm) PDI + sd Z-pot = sd (mV)
SLN 61,3+2,5 0,31 +£0,04 -20,58 = 0,54
SLN Dexamethasone 104,6 £ 1,8 0,29+ 0,01 -26,17 £ 1,1

Solid lipid nanoparticles formulated with Poloxamer and Precirol ATO as the main lipid exhibit
distinctive physicochemical characteristics in relation to the presence or absence of the active
molecule dexamethasone. Dexamethasone-laden SLNs exhibit a significantly greater average size of
about 43 nm than empty SLNSs. This increase in size can be attributed to the incorporation of the drug
within the solid lipid matrix of Precirol, which induces structural dilation or changes the internal
arrangement of lipids. In addition, the presence of dexamethasone could also affect the organization
of the Poloxamer corona on the surface, thus contributing to the overall increase in particle size.

The index polydispersity (PDI) of both formulations, both empty and loaded, remains around 0.3,
indicating that both particle populations are relatively monodispersed and homogeneous regarding
size distribution. This finding confirms the effectiveness of the formulation process in maintaining a
stable and well-defined population of nanoparticles, an essential characteristic for the reproducibility
and performance of the system.

The zeta potential of SLN containing dexamethasone is greater than that of empty SLN in terms of
colloidal stability. The synergy between Poloxamer, a recognized steric stabilizer, and the drug's

increase in surface charge is likely to enhance SLNs' resistance to coalescence and sedimentation.
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Figure 25. Intensity distribution as a function of particle size obtained by Dynamic Light Scattering (DLS)
analysis of Solid Lipid Nanoparticles.

3.2.2 Encapsulation Efficiency

Using high-performance liquid chromatography (HPLC) and a calibration line, the amount of

dexamethasone encapsulated in liposomes and SLNs was determined.

Table 14. Encapsulation Efficiency of Liposomes and SLN.

Sample EE%

DOPC/ cholesterol/ Dexamethasone 50%
DSPC/cholesterol/ Dexamethasone 37%
SLN Dexamethasone 75%

In the table (table 14) the values of the encapsulation efficiency obtained for each sample (EE%) are
given. SLNs show the highest percentage, as we expected from precirol ATO for a lipophilic molecule
such as dexamethasone. The presence of cholesterol in liposomal formulations significantly affects
membrane characteristics and the encapsulation efficiency of dexamethasone. While in the

DOPC/cholesterol system cholesterol improves stability without excessively compromising



Abs

Abs

encapsulation, in the DSPC/cholesterol formulation the stabilizing effect is more marked, with a

consequent decrease in the retention capacity of the drug.

3.2.3 Infrared Spectroscopy

Attenuated reflectance Fourier transform infrared spectroscopy (FTIR-ATR) is a spectroscopy
method useful for studying liposomes and SLN: it allows measuring the vibration and rotation of
molecules influenced by infrared radiation at a specific wavelength, obtaining information on
molecular interactions.

This  section shows the FTIR-ATR spectra of the DOPC/Cholesterol and
DOPC/Cholesterol/Dexamethasone  liposome  (Figure 26), the DSPC/Cholesterol and
DSPC/Cholesterol/Dexamethasone liposome (Figure 27) and empty SLN and SLN with

dexamethasone (Figure 28).
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Figure 26. Dopc/Cholesterol and Dopc/Cholesterol/Dexamethasone liposomes spectra.

About DOPC, the 3000—2800 cm ™! region in infrared spectra usually corresponds to the v(C—H)

vibrations of methylene and methyl groups in aliphatic molecules. Two bands with the highest

absorbance in that area are close to 2924 and 2854 cm—1 and are assigned to the antisymmetric and



Abs

symmetric stretching vibrations of methylene, respectively. The band observed at 3004 cm™!

corresponds to the stretching vibration of the cis-olefin groups =C—H while the shoulder near 2959
cm 1 is attributed to the antisymmetric stretching of methyl groups. A strong band close to 1737 cm™
is assigned to the stretching of the carbonyl band.>

The influence of cholesterol can be seen from changes in the phosphate region (1200-1000 cm™) for
changes in polar head orientation and hydration and in changes in CH: bands, indicative of variations
in chain order or fluidity. The peak at 1667 cm™ could be an intense peak for the C=0O (carbonyl) of
the ketone group, characteristic of corticosteroids. In dexamethasone, the ketone group is well present

and is one of the most distinctive signals
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Figure 27. Dspc/Cholesterol and Dspc/Cholesterol/Dexamethasone liposomes FT-IR spectra.

Regarding DSPC, the most obvious bands are those due to the stretching of methylene (CH2) groups
in alkyl chains, which are around 2850 cm™ for symmetric stretch and 2920 cm™ for asymmetric
stretch. These bands are indicators of the ordering and conformation of lipid chains.

A well-defined band around 1735 cm™ is also noted, attributable to the stretching of the carbonyl
group (C=0) present in the esters of the DSPC molecule. In addition, bands associated with the
phosphate group (PO:") appear between 1220 and 1250 cm™ for asymmetric stretching and around

1085 cm™ for symmetric stretching. These regions are important because they can be affected by



interactions with cholesterol The peak at 1667 cm™ could be an intense peak for the C=0O (carbonyl)
of the ketone group, characteristic of corticosteroids, furthermore, the band at approximately 3365

cm™! could correspond to the stretching of the hydroxyl group (OH) present in its structure.
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Figure 28. Solid Lipid Nanoparticles and Solid Lipid Nanoparticles /Dexamethasone FT-IR spectra.

Precirol ATO, being a glycerol ester with saturated fatty acids, shows intense bands attributable to
alkyl chains, in particular the stretching bands of methylene CH2 groups at about 2850 cm ™ and 2920
cm'. Furthermore, there is a band around 1735 cm™, associated with stretching of the ester carbonyl
group, and CH2 bending bands near 1465 cm™.

Interactions between the carbonyl group of Precirol esters and the hydroxyl or ether groups of
Poloxamer may cause slight shifts or changes in the shape of the C=0 and OH bands (1050 - 1150
cm'). Dexamethasone, a lipophilic molecule incorporated into the lipid matrix, in this case does not

show evident peaks.

3.2.3 Stability in time

The formulations loaded with dexamethasone, both liposomes and SLN, were stored at a temperature
of 4° C to verify their stability: Dynamic Light Scattering measurements were carried out one month
after synthesis with the aim of evaluating any structural changes. The table shows the experimental

results.



Sample Z-average = sd (nm) PDI + sd
DOPC Liposome 809 +2,7 0,47 £0,07
DSPC Liposome 109,1 £3 0,35+0,10
SLN Dexamethasone 150,6 + 3,31 0,20 £ 0,04

Table 15. Average size and polydispersity index of liposomes and solid lipid nanoparticles one month after synthesis.

In the case of liposomes, after a month at 4°C we notice a diametrically opposite behavior: the DOPC-
based system had a notable increase in size (going from 116.9 to over 800 nm), while the DSPC-
based formulation went from 230 nm to approximately 100 nm. In the case of the DSPC based
formulation the PDI of 0.3 allows us to consider it still monodisperse, while the same cannot be said
for the DSPC-based formulation. In the case of SLNs, however, it is possible to notice an increase in
the average size of the formulation, but a PDI that is still rather low, indicates a system that is still
perfectly monodisperse. The Dynamic Light Scattering measurements were repeated by gradually
increasing the temperature of the sample, starting from 25°C of the first measurement up to 70°C, in
order to verify the stability and chemical-physical behavior of the formulations (in the case of

liposomes, only the DSPC-based formulation was used).
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Figure 29. DLS measurements of DSPC liposome size as a function of temperature.

A progressive increase in size from 25°C is noted until reaching a peak around 45°C, where the

liposomes reach a maximum size of around 140 nm. This behaviour indicates a change in lipid



membrane structure or fluidity, possibly due to the combined effect of DSPC phospholipid and
cholesterol, along with the loaded drug. Above this temperature, the size of the liposomes gradually
decreases until it stabilizes around 100 nm at 70°C. This trend suggests that, beyond a certain thermal
threshold, the membrane becomes more fluid and reorganizes, but cholesterol helps maintain stability
by avoiding significant aggregations or breakages.

A very important point is that at body temperature (about 37°C), the size of the liposomes is stable
and quite small, which is crucial to ensure the stability of the formulation during administration and
controlled release of the drug. Furthermore, the reversibility of the size, which returns to the initial
values once the liposomes are brought back to 25°C, indicates that these lipid systems are robust and
resist heating and cooling cycles well without suffering permanent damage.

From an application point of view, this thermal behaviour is interesting because it suggests that the
release of dexamethasone could be modulated by temperature: at higher temperatures, such as those
of inflamed tissues or in the presence of heat treatments, the lipid membrane becomes more fluid and
permeable, facilitating faster release of the drug. On the contrary, at physiological temperature the

membrane remains more rigid, ensuring a slower and more controlled release.
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Figure 30. DLS measurements of Solid Lipid Nanoparticles size as a function of temperature.

The graph shows how the average size of solid lipid nanoparticles varies as a function of temperature.
It is observed that the average size (Z-Average) progressively increases from 25°C until reaching a
maximum peak around 45°C, with values close to 200 nm. Thereafter, the size decreases with
increasing temperature until it stabilizes around 100-110 nm at 60-70°C. This trend suggests that, at

moderate temperatures, nanoparticles tend to swell or aggregate slightly, increasing their size.



However, at higher temperatures, structural reorganization or partial melting likely occurs leading to
a reduction in the observed average size.

Interestingly, by bringing the temperature back to 25°C, the size returns to values similar to the initial
ones, indicating good reversibility of the system and stability of the nanoparticles with respect to the
heating and cooling cycles. This characteristic is relevant because it indicates that solid lipid
nanoparticles can maintain their integrity in variable temperature conditions, but at the same time
they can adapt structurally in response to thermal stimuli and this could suggest a release of the drug

in a thermoreresponsive way.

3.3 Conclusion

This was intended as an exploratory study focused on two drug delivery systems (liposomes and solid
lipid nanoparticles) for potential ophthalmic application.

Experimental data obtained through DLS allowed obtaining information on size distribution,
polydispersity index (PDI) and surface charge of systems. HPLC allowed assessing the encapsulation
efficiency of liposomes, they show markedly higher values of encapsulated drug in the case of solid
lipid nanoparticles; infrared spectroscopy (FTIR-ATR) was used both to verify the correct
encapsulation of dexamethasone in individual formulations, both to obtain experimental information
on functional groups.

Finally, the temporal stability of the liposomes and SLNs loaded with dexamethasone via DLS was
verified one month later: the results showed an increase in the average size for SLNs compared to the
initial measurements, while maintaining a good polydispersity index. A notable increase in size was
recorded in the DOPC/Cholesterol/Dexamethasone  liposome  sample, while the
DSPC/Cholesterol/Dexamethasone liposomes showed a decrease, going from 230 nm to
approximately 100 nm. Both liposomes displayed high PDI values, SLNs were the most suitable

sample.



Sperm Cryopreservation!

Sperm cryopreservation is an important technique in the field of male fertility; however, the quality
of thawed sperm is poor, and this is due to several mechanisms during the freezing-thawing process,
including temperature variations, ice crystal formation, osmotic stress and oxidative stress (OS). OS
is the result of an overproduction of reactive oxygen species (ROS) that damages cellular structures
and compromises sperm function, including the membrane, which is particularly rich in
polyunsaturated fatty acids (PUFA), and molecules such as DNA and proteins.>

OS modulation is an important issue in freezing human sperm. To minimize cryoinjection lesions of
spermatozoa, several strategies have been adopted, including supplementing culture media with
antioxidants. Thanks to the regenerative capabilities capable of repairing spermatozoa damaged
during the freezing-thawing process, liposomes have been used as a complement to freezing media
essentially in the field of animal reproduction, in which sperm cryopreservation is even more
widespread than that human>®.

Chlorogenic acid (CGA) is a significant and biologically active polyphenol widely distributed in the
plant kingdom and commonly found in a variety of foods and beverages, including coffee, fruits such
as apples and pears, and different types of tea; this compound has garnered considerable scientific
interest due to its broad spectrum of pharmacological activities, which contribute to various health
benefits. Among its most notable effects, CGA exhibits potent antioxidant properties that help
neutralize harmful free radicals, thereby protecting cells from oxidative stress and damage;
additionally, it possesses anti-inflammatory capabilities, which can reduce inflammation and
potentially alleviate symptoms associated with chronic inflammatory diseases>’.

From a chemical perspective, chlorogenic acid is classified as a phenolic acid, structurally derived
from the combination of caffeic acid and quinic acid: it contains five hydroxyl (-OH) groups and one
carboxyl (-COOH) group, which are essential for its chemical reactivity. The phenolic hydroxyl
groups are especially important because they can readily donate hydrogen atoms to free radicals,
effectively neutralizing them and thereby exhibiting strong antioxidant activity.

This ability to scavenge reactive oxygen species contributes significantly to the health-promoting

effects attributed to CGA. Moreover, these chemical groups facilitate interactions with various

I This chapter partially reports results already published in: Moretti, E., Bonechi, C., Signorini, C., Corsaro, R., Micheli, L., Liguori,
L., ... & Collodel, G. (2024). In Vitro Effects of Charged and Zwitterionic Liposomes on Human Spermatozoa and Supplementation

with Liposomes and Chlorogenic Acid during Sperm Freezing. Cells, 13(6), 542.



biomolecules, which might explain the diverse pharmacological effects observed in biological
systemss.

In this study, chlorogenic acid-loaded zwitterionic liposomes were synthesized for use as soil
supplements in a freeze—thaw procedure to study a possible effect on the cryostability of human

sperm.

1.2 Materials and Methods

DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) and DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine) (Avanti Polar Lipids Inc). The following reagents were used: ethanol (EtOH, purity
+ 99%, Merck Italia), ultra-pure water (18.2 MQ-cm, Rephile Direct-Pure purifier) and PBS
(phosphate salt buffer, pH 7.4, Sigma-Aldrich, Milan).

1.2.1 Preparation of CHA liposomes

At first, Dopc/Dope liposomes were synthesized using the lipid film technique: lipids dissolved in
chloroform were dried under nitrogen flow and kept in an oven at 40° for about 12 hours. The lipid
film was rehydrated with one millilitre of ultra-pure water; nine steps of freeze-thaw were performed
to improve monodispersity and unilamellar vesicle formation®®. Then, the solution was extruded

through a LiposoFast apparatus extruder equipped with a fixed pore membrane (100 nm).

Figure 31. The Thin Film Hydration method.

The synthesized liposomes showed good characteristics at DLS, were monodisperse, and had
dimensions smaller than 150 nm. The Z potential was also within the expected values, but problems
related to the purification of the system led us to perform the synthesis using microfluidics. In fact,
microfluidics, by precisely removing the head and tail fractions, produces liposomes that do not

require further purification. In the transition from manual synthesis to microfluidics-based



production, a series of tests had to be carried out: unlike manual methods, the microfluidic process
involves several parameters (such as reagent concentrations, the ratio between the aqueous and
organic phases, and flow rates) that can significantly influence the result. The most promising values
for total flow rate (TFR) and flow rate ratio (FRR) were therefore identified and based on the

physicochemical characterization, stability studies were conducted on some formulations over time.

1.2.2 Preparation of CHA liposomes by Microfluidics

A first screening approach focused on Flow Rate Ratio values and, based on the tests carried out, only
two ratios were considered possible, namely 2:1 (aqueous and organic solution) and 1:2 (aqueous and
organic solution).

Also based on a screening approach, dilution was used (the addition of 80 microliters of aqueous
phase via a second chip to the liposomal solution already passed through the first pass) and two
volumes were selected for the total flow rate, 5000 and 8000 pL/minute, respectively. Table 16 shows

the combinations obtained.

Table 16. Synthesis conditions of CHA Liposomes.

Sample Flow Rate Ratio Total Flow Rate
Sample 1 CHA 2:1 8000
Sample 2 CHA 1:2 8000
Sample 3 CHA 2:1 5000
Sample 4 CHA 1:2 5000

It was decided not to use an experimental design because the results shown by DLS were immediately

satisfactory and it was not possible to identify any discriminating factors for our “response variables.”

1.2.3 Dynamic Light Scattering

Particle size and zeta potential were verified using dynamic light scattering (DLS) with a Zetasizer

Nano ZS90 (Malvern Instrument Ltd., UK). Samples were diluted in ultra-pure water (10% v/v) and



the measurement was performed at room temperature (25°C). Measurements were conducted in

triplicate.

1.2.4 Encapsulation Efficiency

Encapsulation efficiency (EE) is a measure of the amount of active compound encapsulated within
the liposome at the time of formation. The quantity of chlorogenic acid encapsulated in the samples
was determined using a UV-Vis spectrophotometer (Specord 210, Analytik Jena). For the analysis,
samples were diluted in ethanol and subsequently subjected to agitation to disrupt the nanosystems
and release the chlorogenic acid. The absorbance of the liposomal solutions was measured
spectrophotometrically at the wavelength corresponding to the maximum absorption of chlorogenic
acid (320 nm). For the quantitative determination of the encapsulated active compound, a calibration
curve was constructed within the concentration range of 1-16 mg/mL

The encapsulation efficiency percentage was calculated using the following equation (7):

%WEE = +* 100
/o [AC]tot

Where [AC]lip is the amount of Chlorogenic acid incapsulated in the system determinate by

quantification curve and [AC]tot is the total amount of Chlorogenic acid used in the synthesis.

1.2.5 Infrared Spectroscopy

An FTIR-ATR analysis of the synthesized samples was performed for the qualitative characterization
of liposomes and solid lipid nanoparticles loaded with chlorogenic acid. Before being analyzed the
sample was lyophilized (0.3 mbar, -41 °C, 24 h, 5-Pascal). The spectra were acquired by means of a
Nicolet iS50 FTIR-ATR (ThermoFisher scientific) spectrometer operating in the 4000-800 cm
spectrum and equipped with an ATR (attenuated total reflectance) multiple reflection cell with

germanium crystal.

1.3 Results and discussion

1.3.1 Dynamic Light Scattering



Particle size is generally reported as the mean hydrodynamic diameter; accurate determination of
particle size is crucial in pharmaceutical formulations, as it directly affects bioavailability, tissue
penetration, and the release profile of the active compound.

The Polydispersity Index (PDI) is a dimensionless parameter that provides insight into the
homogeneity of the particle size distribution within the sample. A PDI value below 0.1 indicates a
highly monodisperse system, while values between 0.1 and 0.3 are generally considered acceptable
for most pharmaceutical applications. In contrast, values above 0.3 suggest a broad size distribution,
which may compromise the stability, reproducibility, and performance of the formulation. Therefore,
achieving a low PDI is often a key formulation goal, as it ensures uniform behavior of the particles
in biological environments.

The zeta potential is another critical physicochemical parameter, reflecting the electrostatic potential
at the slipping plane of particles in suspension. It serves as an indirect measure of surface charge and
plays a central role in determining the colloidal stability of nanosystems. Particles with high absolute
zeta potential values (typically > +30 mV) are considered electrostatically stable due to strong
repulsive forces that prevent aggregation. Conversely, systems with low zeta potential values may be
prone to flocculation or sedimentation, reducing their stability.

In addition to stability, zeta potential also influences cellular uptake, mucosal interaction, and
biodistribution, making it a valuable parameter in the design of effective drug delivery systems. In
the case of zwitterionic liposomes, the zeta potential is typically expected to be close to neutral, often

ranging between —10 mV and +10 mV.

Table 17 reports DLS results for the CHA liposomes samples.

Sample Z-average £ sd (nm) PDI +sd Z-pot £ sd (mV)
Sample 1 CHA 140,7£2.2 0,086 + 0,006 -22,0+0,8
Sample 2 CHA 162,0£5,3 0,220 £ 0,005 -25,5£0,8
Sample 3 CHA 1482+ 1,9 0,110 £+ 0,009 -23,8+1,6
Sample 4 CHA 424376 0,460 % 0,013 26,8 +0,7

All the liposomal formulations exhibited comparable z-average, except for sample 4, which showed

a significantly larger mean diameter (424.3 + 7.6 nm). This marked increase in size suggests a



deviation from the expected nanoscale distribution; however, it is not possible to attribute this
difference to any specific formulation parameter with certainty.

Notably, the Total Flow Rate (TFR) used for sample 4 (5000 pL/min) was identical to that employed
in formulation 3, which did not display any anomalies in either Z-average or Polydispersity Index
(PDI). Both parameters remained well within the range typically reported in the literature for
liposomes of similar composition and preparation methods.

Furthermore, the Flow Rate Ratio (FRR) used in the preparation of sample 4 (1:2) was also applied
in formulation 2, which again yielded size and PDI values consistent with expected outcomes. These
comparisons suggest that the abnormal size observed in sample 4 is unlikely to be due to either the
TFR or the FRR and may instead result from uncontrolled variables.

The Polydispersity Index (PDI) was found to be below 0.2 for all samples, indicating a narrow and
homogeneous size distribution, except for sample 3, which exhibited a slightly higher value (0.220 +
0.005). Despite exceeding the commonly accepted threshold of 0.2, this value still falls within a range
generally considered acceptable for classifying a system as monodisperse, particularly in the context
of pharmaceutical formulations. In contrast, sample 4 showed a considerably higher PDI (0.460 +
0.013), clearly indicating a polydisperse system. This high value suggests heterogeneity in vesicle
formation, potential aggregation or instability during the formulation process. Such a high degree of
polydispersity could negatively impact the colloidal stability, reproducibility and performance of the
liposomal system. The zeta potential ({) values measured for all samples are consistent with the

zwitterionic nature of the phospholipids employed.

1.3.2 Encapsulation Efficiency

The quantitative determination of chlorogenic acid encapsulated in liposomes was performed using

spectrophotometric measurements and by constructing a calibration curve shown in Figure 32.
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Figure 32. Calibration curve for chlorogenic acid mg/mL.

The results obtained by UV-vis spectrophotometric analysis of liposomes loaded with chlorogenic

acid and synthesized using microfluidics are shown in Table 18.

Sample Encapsulation Efficiency %
Sample 1 CHA 88%
Sample 2 CHA 61%
Sample 3 CHA 75%
Sample 4 CHA 66%

The results obtained for the encapsulation efficiency of chlorogenic acid in liposomes show high
values in the range of 61%—88%, confirming the correct encapsulation of the active compound. In

particular, sample 1 with EE% of 88% has the highest encapsulation efficiency.
1.3.3 Infrared Spectroscopy

This section presents the FTIR-ATR spectra of the empty Dopc/Dope liposome, pure chlorogenic

acid, and the liposome loaded with chlorogenic acid.
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Figure 33. A FTIR-ATR spectra of Dopc/Dope liposome (1), Dopc/Dope CA liposome (2) and Chlorogenic Acid (3); B
FTIR-ATR spectrum of pure chlorogenic acid in the range 1700-800 ¢cm-!; C FTIR-ATR spectrum of chlorogenic acid
loaded liposome in range 1900-700 cm-'..

By comparing the FTIR-ATR spectra of pure chlorogenic acid and the liposome loaded with the active
molecule (Figure 33 A,B and C) it is possible to confirm the effective encapsulation of chlorogenic
acid. In fact, the FTIR-ATR spectrum of the loaded liposome shows the shift of some characteristic
bands of pure chlorogenic acid. In particular, in the FTIR-ATR spectrum of the loaded liposome
(Figure 33) the characteristic band of the v (C=0) stretching moved from 1686.03 cm™ to 1700.64
cm’!. The v (aromatic C=C) stretching at 1613.40-1600.98 cm-1 shifted to 1653.73-1647.11 cm-1.
The two bands related to the v stretching (C-O ester) from 1288.12-1183.82 cm™ are at 1265.91-
1154.88 cm!. Finally, the bending band (C-H) from 818.42 cm! has shifted to 860.26 cm™'. The shifts
of the characteristic absorption bands of pure chlorogenic acid in the FTIR-ATR spectrum of the



liposome loaded with the active molecule, together with the high encapsulation efficiency present in
the previous section, confirm the presence and correct encapsulation of chlorogenic acid within the

liposomal system.

Table 19. Characteristic absorption bands of chlorogenic acid and their functional groups.

Wave number (cm™) Functional Groups
1686.03 Stretching v (C=0 ester, carboxyl)
1613.40-1600.98 Stretching v (C=C aromatic)
1529.25-1517.07 Stretching v (C=C aromatic)
1442.67 Bending (O-H carboxyl)
1288.12-1183.82 Stretching v (C-O ester)
818.42 Bending (C-H)

1.3.4 Sperm Cryopreservation

Recalling the objective of the study, which was to evaluate whether the use of zwitterionic liposomes
could reduce damage to human spermatozoa during the freezing-thawing processes, human
spermatozoa were cryopreserved at -196 °C using a cryopreservation medium (Test Yolk Buffer with
gentamicin sulfate; FujiFilm, Irvine Scientific, Santa Ana, CA) supplemented with chlorogenic acid
(CGA)-loaded liposomes diluted 1:10000, as well as a control group without supplementation. After
two weeks, the samples were thawed at 37 °C, smeared onto glass slides, and treated with TRITC-
conjugated Pisum sativum agglutinin (PSA, Vector Laboratories Inc., Burlingame, CA, USA), a lectin
that binds to the carbohydrate portion of glycoproteins. The slides were processed as described in
Vaccaro et al. (2023)**. The sperm nuclei were stained with a 4',6diamidino-2-phenylindole (DAPI)
solution diluted 1:20,000 in PBS for 10 minutes (in the dark and at room temperature), followed by
rinsing with PBS. Finally, the slides were mounted with 1,4diazabicyclo[2.2.2]octane (DABCO) and
examined using a Leica DMI 6000 fluorescence microscope (Leica Microsystems, Germany). Image

acquisition was performed using the Leica AF6500 integrated imaging and analysis system (Leica



Microsystems, Germany). Spermatozoa with an intact acrosome exhibited a homogeneously stained
red cap (normal acrosome), while those with altered acrosomes included spermatozoa displaying
shrunken, reduced, or deformed acrosomal structures (altered acrosome). This procedure is reported
in Moretti, Elena, et al. "In Vitro Effects of Charged and Zwitterionic Liposomes on Human
Spermatozoa and Supplementation with Liposomes and Chlorogenic Acid during Sperm Freezing."

Cells 13.6 (2024): 542.
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Figure 34. UV micrographs of frozen and thawed spermatozoa treated with Pisum sativum agglutinin (PSA). (A) In
unsupplemented samples, spermatozoa showed alterations in the acrosome. (B) In samples treated with CGA -
loaded liposomes, spermatozoa showed evident labelling in the well-formed acrosome. (C) Schematic of a human

spermatozoon. The arrow indicates the acrosomal cap.

Samples supplemented with CGA-loaded liposomes showed improved acrosome preservation
(Figure 34). A dual effect of CGA-loaded liposomes was hypothesized: the antioxidant scavenges

ROS, minimizing OS damage, and the liposomes facilitate membrane repair, thus improving sperm

cryostability.

1.4 Conclusion

Zwitterionic liposomes composed of DOPC/DOPE were synthesized for the encapsulation of
chlorogenic acid (CGA). Due to challenges encountered during the purification of the nanosystems,
a microfluidic approach was adopted for their formulation. Initial exploratory tests were conducted
to identify the optimal experimental parameters, and the most suitable combination of flow conditions
and lipid concentrations was selected for further development.

The successful assembly of the nanosystems and the efficient encapsulation of CGA were confirmed

through Dynamic Light Scattering (DLS) and UV-Vis spectrophotometry.



Among the four formulations developed, sample 1 exhibited the highest encapsulation efficiency and
also demonstrated favourable DLS parameters, including a narrow size distribution and a low
polydispersity index, indicative of a monodisperse system.

Stability studies conducted over a one-month period at 4 °C further supported the robustness of this
formulation. A slight increase in particle size was observed over time; however, the values remained
within acceptable limits, and the system retained its monodisperse nature, suggesting good colloidal
stability.

These zwitterionic liposomes were subsequently tested as cryoprotective additives for freezing media
used in the cryopreservation of human spermatozoa. Similar zwitterionic liposomal systems have
previously been reported to be non-toxic and well-tolerated in porcine Sertoli cells®* and fibroblasts®,
providing a solid basis for their use in biomedical applications. In the present study as well, no signs
of cytotoxicity were observed, and the results were promising.

In particular, sperm samples cryopreserved with CGA-loaded liposomes exhibited a higher postthaw
acrosome integrity, suggesting a protective effect on cellular membranes. We hypothesize that these
results arise from a dual mechanism: on one hand, chlorogenic acid, known for its potent antioxidant
activity, reduces reactive oxygen species (ROS) and mitigates oxidative stress-induced damage
during the freeze-thaw cycle; on the other hand, the liposomal structure may facilitate membrane

repair or stabilization, thereby enhancing sperm cryotolerance.



Agonist Antibody mRNA as a therapeutic tool for myocardial infarction

This project focuses on the development and optimization of modified mRNA (modRNA) delivery
systems based on lipid nanoparticles (LNPs), with the aim of producing and delivering the therapeutic
antibody RDO24. The study integrates molecular biology, nanotechnology, and physico-chemical

characterization to design an efficient and safe mRNA-based therapeutic platform.

The first objective is the generation of RDO24 modRNA using an in vitro transcription (IVT) strategy
based on the approach developed by Kariko6 et al. (2008). The cDNA encoding the full antibody will
be inserted into an appropriate vector, and transcription will be performed using modified nucleotides
(pseudouridine instead of UTP) to enhance stability and reduce immunogenicity.

In parallel, a codon-optimized eGFP modRNA will be produced as a reporter to validate functional
delivery in vitro and in vivo. Protein expression and production levels will be evaluated in HEK293T

cells following transfection.

The second objective concerns the design and formulation of lipid nanoparticles LNPs and liposomes
for efficient mRNA delivery. Lipid nanoparticles (LNPs) have proven to be versatile nanocarriers for
delivering nucleic acids in a range of medical applications: a typical LNP formulation comprises a
cationic ionizable lipid, a helper lipid, cholesterol, and a PEGylated lipid, each contributing uniquely
to the stability, structure, encapsulation efficiency, and in vitro and in vivo interactions. In particular,
LNPs will be generated using lipid mixture, composed of SM-102, cholesterol, DSPC, and DMG-
PEG2000 using a microfluidic device. Cationic liposomes (DOTMA and DOTAP, in combination
with DOPE or other helper lipids) will be investigated as delivery vehicles. Particular attention will
be paid to the lipid molar ratios, which strongly influence nanoparticle stability, encapsulation
efficiency, and interaction with biological tissues, especially cardiac or ischemic tissues.

Both empty and mRNA-loaded liposomes will be synthesized, and the most effective preparation
method will be optimized. For all drug-delivery systems, a thorough physico-chemical
characterization will be performed, encompassing particle size, surface charge, encapsulation
efficiency, and release behavior. A range of techniques, including infrared (IR) spectroscopy, UV—
visible spectroscopy, nuclear magnetic resonance (NMR), and dynamic light scattering (DLS), will

be employed to provide detailed insights into the properties of the formulations.



Overall, the project aims to develop a safe, efficient, and well-characterized modRNA-LNP delivery
system for therapeutic antibody expression, with potential applications in cardiovascular and

ischemic pathologies.



Chapter 2

Delivery system for sustainable agriculture

The EU pesticide database lists over 1378 active ingredients, of which 466 have been approved for
use within the EU, while 858 have not received approval'. Each class of pesticides presents distinct
advantages as well as notable limitations. For instance, carbamate insecticides are widely employed
due to their broad-spectrum efficacy against numerous pest species, coupled with a low tendency for
bioaccumulation and relatively low toxicity to mammals®>. These properties make carbamates
preferable in many applications compared to other pesticide classes with higher associated risks. On
the other hand, organochlorine pesticides were extensively used from the 1950s through the 1970s,
prized for their high effectiveness and environmental persistence®. However, these compounds were
later identified as persistent organic pollutants (POPs), recognized for their strong resistance to
environmental degradation, bioaccumulation in living organisms, and potential for long-term adverse
effects on human health and ecosystems. Consequently, the Stockholm Convention* has mandated
their restriction or complete ban in most countries.

Modern pesticide formulations, commonly referred to as Current Use Pesticides (CUP), have been
developed with the objective of overcoming the limitations and adverse impacts associated with
earlier generations of pesticides, particularly those exhibiting PBT characteristic (persistence,
bioaccumulation, and toxicity). These properties result in a high resistance to environmental
degradation, a propensity to accumulate in the tissues of living organisms along the food chain, and
a potential for chronic toxic effects that can adversely affect both ecosystems and human health.

To mitigate these risks, Current Use Pesticides are formulated to ensure enhanced biodegradability
and a significant reduction in bioaccumulation. This is achieved through the molecular design of
chemical compounds that degrade more rapidly within environmental compartments (such as soil,
water, and air) thereby limiting their persistence over time.

Controlled release (CR) of bioactive chemicals could play an important role in this context’.
In particular, physical hydrogels consisting of natural polymers cross-linked by metal cations are

considered among the best options: these systems are widely used for Controlled Release applications
in pharmaceuticals, cosmetics, and agronomy due to their biodegradability, ease of preparation,
scalability, and absorbent properties and, in the case of agriculture, their ability to absorb and release

large amounts of water is quite valuable®.



Hydrogels are three-dimensional polymer networks that can retain a large amount of water in their
swollen state.” They can be classified into three main categories based on the nature of their
constituent polymers: natural, synthetic, or hybrid. Hydrogel cross-linking can occur through covalent
bonds, known as chemical cross-linking, or through non-covalent interactions, known as physical
cross-linking, or through a combination of both mechanisms®. The forces responsible for water
absorption in hydrogels include capillary phenomena, osmoticity, and hydration, which are
counteracted by the elastic forces generated by the cross-linked polymer chains, which resist the
expansion of the material®. The state of equilibrium swelling is determined by the balance between
these opposing effects and significantly influences fundamental properties of hydrogels, such as
transport and internal diffusion characteristics, as well as mechanical strength. These properties are
regulated not only by the degree of swelling, but also by the chemical nature of the polymer network

and its morphology.

This type of solution only partially addresses the environmental and social concerns outlined in the
United Nations 2030 Agenda for Sustainable Development, which emphasizes the need for more
sustainable and responsible agricultural practices.

In this context, it is essential to promote sustainable alternatives that can support large-scale
agriculture while contributing to the achievement of a zero-waste circular economy model. A
particularly promising approach involves the use of agricultural waste as raw materials for valueadded
applications, including new materials for the controlled release of pesticides. This not only promotes
waste reduction but also enhances resources that would otherwise be wasted. Food loss and waste
constitute a complex and multifaceted challenge that encompasses numerous factors throughout the
entire food supply chain. In the context of the ongoing global climate crisis, it is imperative to achieve
substantial reductions in waste while maintaining high levels of agricultural productivity!”.
Accordingly, the recovery and utilization of valuable chemical compounds present in agricultural by-
products should be prioritized as a key strategy towards sustainability.

Indeed, several plant secondary metabolites, which could be extracted from agricultural wastes, are
bioactive molecules with antibacterial and antifungal properties produced by plants themselves as a
defence against pathogens;'' this is the case with Brassicaceae, plants with a high content of
glucosinolates, a class of secondary metabolites that can be hydrolysed into isothiocyanates (ITCs)
by the enzyme myrosinase.!?

Once initiated, myrosinase-catalyzed hydrolysis of glucosinolates initially involves the cleavage of

the thioglycosidic bond, resulting in the formation of D-glucose and O-sulfonated thiohydroxamate.



The latter is unstable and therefore spontaneously reorganizes, leading to a wide range of products,
such as thiocyanates, nitriles, and, as mentioned, ITCs. The resulting chemicals are involved in
defense mechanisms against phytopathogens, fungi, and insects present in the soil, and their
formation is influenced by reaction conditions, such as pH: ITCs are produced at neutral pH, while
nitriles are produced at acidic pH'".

The defensive strategy of Brassicaceae is exploited with bio fumigation for the treatment of
agricultural soils, given the biocidal effect of induced nitrogen compounds (ITC).

Fumigation in agriculture is a pest control technique that involves the use of chemicals, known as
fumigants, with the aim of eliminating harmful organisms present in the soil or in agricultural
products. It is a widely used practice for controlling pests such as insects, nematodes, fungi and
bacteria. Fumigation can be carried out on the soil, after harvesting, or in closed environments such
as greenhouses or warehouses. Pesticides such as metam sodium (commercially known as Vapam),
metam potassium (known as Tamifum) -which are the sodium or potassium salts of dithiocarbamates-
and dazomet, chemically identified as 3,5-dimethyl-1,3,5-thiadiazinane-2-thione, have been
extensively utilized as soil fumigants. These compounds were introduced as comparatively milder
and potentially more environmentally sustainable alternatives to methyl bromide (bromomethane), a
highly effective fumigant that was globally banned under the Montreal Protocol in 1987 due to its
high toxicity and significant contribution to the depletion of the stratospheric ozone layer. In recent
years, research efforts have increasingly focused on the development of fully organic alternatives to
conventional chemical fumigants'*. Borrowing the basic ideas and concepts behind biofumigation
and aiming at a zerowaste circular economy concept, byproducts from agrifood supply chains can
represent a source of extremely interesting bioactive compounds. In this framework, numerous novel
(nano)carrier systems have been proposed for controlled release (CR) applications, wherein either the
carrier matrix, the bioactive compound, or both, are sourced from agrifood production residues. These
bio-based delivery systems not only enhance the stability and targeted efficacy of the active agents
but also contribute to waste reduction and sustainability within agricultural practices. Such
advancements represent a promising direction towards environmentally responsible soil fumigation

methods that reconcile agricultural productivity with ecological preservation.



1 Hydrogel Beads?

Hydrogel is a commonly used material for encapsulation due to its capability to absorb large amount
of water or biological fluids and Alginate is one of the most widely used materials for encapsulation.
Alginate is a naturally occurring polysaccharide commonly obtained from brown seaweeds and its
basic structure consists of linear unbranched polymers containing B-(1 — 4)-linked d-mannuronic
acid (M) and a-(1 — 4)-linked glucuronic acid (G) residues. The structure of alginate depends mainly
on the composition of the monomers, the M/G ratio, the polymer sequence, and the molecular weight
of the linear chain, which offers greater possibilities for the rational design and production of alginate-
based delivery systems with different release rates of the encapsulated bioactive ingredients'?

For example, alginate with a higher concentration of G blocks tends to generate stiffer hydrogels with
larger pores, which facilitates the diffusion of bioactive components immobilized within the polymer
networks. Conversely, a higher content of M blocks makes alginate more suitable for the formulation
of softer edible coatings and capsules with lower diffusion permeability'®. It can form stable and
biocompatible hydrogel in the presence of calcium cation which bind to the carboxylates in the G-

blocks to form the ‘egg-box’ structures.
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Figure 35. Egg box structure of Alginate beads

2This chapter partially reports results already published in: Baglioni, M.; Clemente, I.; Nardin, R.; Bisozzi, F.; Costantini, S.; Fattori,
G.; Tamasi, G.; Rossi, C. Hydrogel Beads Loaded with Glucosinolate-Rich Brassicaceae Extract as a Controlled-Release Alternative
to Biofumigation. Molecules, 30(18), 3660.



The process of ion-induced polysaccharide crosslinking, divalent metal ions take place in the
polyelectrolyte complex formation due to an electrostatic interaction between the negatively charged
carboxyl groups of polysaccharide molecules and the positively charged metal cations. Such kind of
interaction can lead to strong chemical bonding of cations with certain groups of biopolymers, being
fundamentally different in the case of alkaline earth and transition metal cations'.

Among many materials, calcium-alginate hydrogel is the most widely used due to several
advantageous features such as non-toxicity, biocompatible, easily produced; thermally and
chemically stable'*. Alginate gel beads are considerably desirable for delivering food nutraceuticals
to targeted locations because of the straightforward preparation and handling methods.

In this study, alginate-based hydrogels were synthesized and loaded with a commercial extract of
Brassica oleracea var. Italica (broccoli) for the advanced biofumigation of agricultural soils. The
extract is rich in glucoraphanin (GRF), as demonstrated by the HPLC-MS analyses reported herein.
Glucoraphanin is a glucosinolate precursor to sulforaphane, a well-known isothiocyanate (ITC)
possessing antimicrobial and pesticidal properties, making it an ideal candidate for soil treatment
applications. The decision to load the hydrogels with a Brassicaceae extract rich in glucosinolates—
particularly glucoraphanin—was based on the premise that myrosinase is produced by soil microbiota
and is therefore naturally present in agricultural soils'®. Accordingly, for the purposes of this study,
glucoraphanin (and other glucosinolates) can be effectively considered as precursors to the actual
biofumigant agents, namely ITCs such as sulforaphane or similar compounds.

The choice of polymer was guided by extensive literature supporting their use as cost-effective, easily
synthesized, and reliable hydrogel carriers for drug delivery across various application fields. Other
biocompatible and biodegradable polymers, such as chitosan and pectin, were initially considered;
however, the focus was ultimately placed on the most promising system, namely alginate-based
hydrogel beads.

By combining hydrogel technology with plant-derived biocidal compounds, this study aims to
contribute to the development of effective and environmentally responsible strategies for agricultural
soil management, reducing reliance on synthetic pesticides and promoting sustainable agricultural

practices.



1.2 Materials and Methods

CaCl2-2H20 (purity > 99%) was purchased from Sigma Aldrich/Merck (Darmstadt, Germany) and
used without further purification. Foodgrade sodium alginate polymer was purchased from Sigma
Aldrich. The Brassica oleracea extract was purchased from Shanghai Qionghui Industrial Co.
(Shanghai, China).

Glucoraphanin potassium salt (purity > 98%; Extrasynthese, Lyon, France) and sinapine chloride
(purity > 98%; Extrasynthese, Lyon, France) were used as analytical standards for the extract’s
characterization performed via HPLC-MS. MilliQ Ultrapure (Merck Millipore, Darmstadt, Germany)

water was used.

1.2.1 Hydrogel Synthesis

Crosslinked hydrogel beads were prepared similarly to what was described elsewhere!’, starting with
1% m/v aqueous ALG solution. These polymer solutions were added dropwise into saline solutions
of 0.3 M CaCl; at room temperature. These concentrations were preliminarily optimized to obtain gel
beads that were mechanically resistant to handling.

The promptly formed hydrogel beads (5-8 mm diameter) were then magnetically stirred for 15 min,
removed from the crosslinking solutions, washed with distilled water (to remove any unreacted metal
ions from the gels’ surface), and stored in polyethylene containers at their equilibrium swelling degree
in a slight excess of water. The 15 min stirring time in the crosslinking solution was assessed using
preliminary tests to find the optimal compromise between suitable encapsulation efficiency and the
hydrogel beads’ mechanical properties.

The preparation of the hydrogel beads loaded with the Brassica oleracea extract was carried out
similarly by alternatively mixing 1%, 2.5%, or 5% m/m of the extract powder with the two polymer
solutions right before bead formation. Samples were named as ALG-0, ALG-1, ALG-2.5, ALG-5,

indicating the polymeric nature of the hydrogel network and the extract concentration.

1.2.2 Brassica Oleracea Extract Characterization

The commercial Brassica oleracea extract was first characterized using an HPLC instrument (Thermo
Scientific UltiMate 3000,Waltham, MA, USA), operated using the Xcalibur software (Version 4.3,

Thermo-Scientific, Waltham, MA, USA) and coupled to a mass spectrometer (Thermo-Scientific



LTQ XL, Waltham, MA, USA) equipped with a linear ion trap analyzer, with ESI (electrospray
ionization) as the ionization technique. For chromatographic separation, a C18 Polar Phenomenex
Kinetex column (150 x 2.1 mm, 2.6 pm, 100 A) was used in combination with a Phenomenex C18
Polar (2 % 2.1 mm) pre-column, thermostated at 35 + 1 °C.

The solvents used as the mobile phase were A (H20O/formic acid 0.1%, v/v) and B
(acetonitrile/formic acid 0.1%, v/v), and the following gradient was set up: 0—3 min 0% B (isocratic),
3 —20 min 25% B (linear), 20 - 25 min 50% B (linear), 25-30 min 50% B (isocratic),30-31 min 0%
B (linear), 31 — 40 min 0% B (isocratic).

Each sample was analyzed in triplicate by injecting 3 pL at a flow rate of 0.4 mL/min. In more detail,
an aqueous solution (1% m/v) of the extract was filtered using a Whatman PTFE syringe filter with a
pore size of 0.2 um and then analyzed. The mass spectra obtained by injecting the eluted analytes into
the mass spectrometer were used to identify the main compounds present in the extract. The
parameters used for ESI were spray voltage, 3000 V; sheath gas pressure, 35 AU; auxiliary gas
pressure, 30 AU; capillary temperature, 350° C. The analytes in the extract were identified by
comparing the MSn spectra, acquired via negative ionization [M — H]—, with those reported in the
literature. The quantitative determination of glucosinolate content in the extracts was performed using
HPLC coupled with UV spectroscopy (HPLC-DAD) using an RS-3000 Diode Array Detector
(Thermo-Scientific) at 230 nm. The gradient used for this chromatographic run was 0-3 min 0% B
(isocratic), 3—5 min 70%B (linear), 5-8 min 70% B (isocratic), 8-10 min 0% B (linear), 10—15 min
0% B (isocratic).

The glucoraphanin and glucosinolates in the extract (quantified as glucoraphanin equivalents) were
quantified using external calibration. The calibration curves (R2 > 0.9986 for both linear fittings) for
glucoraphanin and sinapine were obtained by injecting standard solutions within the linear
concentration range of 0.001-0.1 mM. The LOD and LOQ values were 0.0003 and 0.001 mM,

respectively.

1.2.3 Equilibrium Water Content (EWC)

The EWC of the hydrogel beads was measured gravimetrically by completely drying each sample
and weighing it before and after. All samples were left to equilibrate beforehand by releasing excess

water. The EWC was then calculated using Equation!® (8):
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where Wyet 1s the weight of the swollen hydrogel and Wary is the weight of the completely dry
hydrogel (the sole polymeric network).

1.2.4 Differential Scanning Calorimetry (DSC) and Free Water Index
(FWI)

DSC measurements were performed to calculate the free water index (FWI) of the gel systems and
were carried out on a DSC Q1000 (TA Instruments, New Castle, DE, USA), using sealed aluminium
pans under an inert nitrogen atmosphere (nitrogen flow 50.0 = 0.5 cm3/min). The samples were
equilibrated at —60 °C for 8 min, then heated from —60 °C up to 25 °C at 1 °C/min. The calculation
of the FWI from the enthalpy of the fusion values (obtained from the integration of the DSC curve

peak around 0 °C) was performed according to Equation'® (9):

AHfys(exp)
FWI = 9
EWC - AHfus(theo)

where AHfusexp) (J/g) is the experimental value of the enthalpy variation relative to the melting of
frozen free water and AHfusheo) (333.1 J/g) is the theoretical value of the enthalpy of fusion for bulk

water.

1.2.6 Scanning Electron Microscopy (SEM)

Scanning electron micrographs of pristine and loaded ALG gels were taken using a Quanta 400 SEM
apparatus (FEI Company, Hillsboro, OR, USA) operating at a voltage of 20 kV. The hydrogel samples
were freeze-dried to allow their investigation in high-vacuum conditions. Subsequently, they were
placed onto stubs using double-sided conductive tape and sputter-coated with gold to make them

conductive.

1.2.7 Rheometry on Polymer Solutions and Hydrogels



Rheological analyses were performed using a Discovery HR-2 rheometer (TA Instruments, New
Castle, DE, USA) on ALG systems for all extract concentrations explored (0%, 1%, 2.5%, and 5%).
First, the viscosity of the ALG polymeric solutions (before the crosslinking gelation process) was
determined as a function of the shear rate (1/s), using a rotational rheometer with cone—plate
geometry. Then, the determination of the G’ and G” moduli was carried out on already formed
hydrogels in the form of discs instead of beads. To obtain this gel shape (more suitable for rheometry),
each system was crosslinked by pouring it into a Petri dish containing the crosslinker solution.
Additional solution was added dropwise using a Pasteur pipette to reach an excess of cations, as in
the hydrogel synthesis process described in Section 1.2.1

After 15 min, the crosslinker solutions were removed, and the hydrogels were left to rest for one day
and stored, as in the previously analyzed systems. Then, they were washed and analyzed using the

plate—plate geometry to avoid inconsistencies in force distribution.

1.2.8 Encapsulation Efficiency and Release Profiles

The loading kinetics and the encapsulation efficiency (EE%) were determined focusing on
glucoraphanin, the most abundant glucosinolate found in the commercial Brassica oleracea extract.

The EE% was calculated using the following equation (10):

GRFSOE - GRFEost
EEY% = 100 10
Yo GRF., X (10)

where GRFsol is the amount of glucoraphanin initially mixed in the polymer solution (its value is
simply obtained by multiplying the mass of polymer solution that underwent crosslinking by the
extract concentration in the same solution (1%, 2.5%, or 5%) and the glucoraphanin fraction of the
Brassica oleracea extract (22.10%), as obtained by HPLC-DAD measurements; and GRFios is the
total amount of glucoraphanin lost in the crosslinker and rinsing solutions, determined via HPLC-

DAD analyses, as reported in Section 1.2.2
In this case, the EE% was not 100% because some of the glucoraphanin originally present in the

polymeric solution used to synthesize the hydrogel beads was lost in the crosslinking saline solution
during the gelation process. To determine the amount of glucoraphanin lost during this step and during
the subsequent rinsing steps, both the crosslinker solution and the water used to rinse the hydrogels
were collected and analyzed by means of HPLC-DAD, as described in Section 1.2.2, using an external

calibration in the linear concentration range of 0.1-20 ppm.



To study the release kinetics in water and the release efficiency (RE%), a known amount of the loaded
hydrogels was immersed in water (hydrogel/water 1:10, v/v) and kept under magnetic stirring to
favour the release of glucosinolates. Also in this case, the analysis focused on the release profile of
glucoraphanin as a representative of the glucosinolates loaded into the hydrogel.

Several 100 uL samples were taken over three hours of observation, each time replacing the sampled
volume with fresh water to maintain a constant volume. The samples were then diluted 1:100 and
analyzed by means of HPLCDAD, as described in Section 1.2.2, using an external calibration in the

linear concentration range of 0.1-20 ppm. All measurements were performed in triplicate.

1.3 Results and Discussion

1.3.1 Brassica Oleracea Extract Characterization

First, the Brassica oleracea extract was characterized by means of HPLC-MS and HPLC-DAD
analyses, as described in Section 1.2.2, to identify and quantify the main chemicals present. The
chromatogram obtained from the chromatographic analysis is shown in Figure 36A, where peaks

corresponding to the most abundant compounds present in the extract are clearly visible.
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The detected analytes were fragmented using tandem mass spectrometry (MSn), with He as the
collision gas inside the ion trap, in negative ion mode, according to the method described in Section
1.2.2. The use of fragmentation patterns enabled the identification of the compounds listed in Table

20.

. Glucoraphanin
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Figure 36. (A) Chromatogram obtained from the HPLC-DAD analysis for the characterization of the Brassica oleracea
extract. (B) Relative amounts of the most abundant compounds identified in the Brassica oleracea extract. GRF:
glucoraphanin, 22.10 + 0.99 %; 4-Hyd-GBR: 4-hydroxyglucobrassicin, 0.85 + 0.04 %; GER: glucoerucin, 4.61 + 0.21
%; GBR: glucobrassicin, 0.72 £+ 0.03 %; SIN: sinapine, 11.61 £ 0.52 %.

Table 20. Retention times and fragment ions for the identification of the components in the Brassica oleracea
extract.

Analyte Retention time (min) | [M — H] Fragment Ions
Glucoraphanin 1.91 436 291,275,259, 194, 130
4-Hydroxyglucobrassicin 44 463 383,285, 275, 267, 259, 240
Glucoerucin 8.93 420 340, 291, 275, 259, 242,227, 224, 195, 178
Glucobrassicin 9.55 447 275,259, 251, 205
Sinapine 14.09 354 294,279, 264, 223,208

Several diagnostic ions for glucosinolates have been reported in the literature, those related to the loss
of the HSO3— ion (m/z 96 or 97) and the neutral loss of the glucose moiety (m/z 162).
Glucoraphanin was clearly visible in the chromatogram at a retention time of 1.91 min, and the

deprotonated molecule [M — H]— was identified through comparison with literature data®®.



Besides glucoraphanin, other glucosinolates were present in the extract in significant amounts, such
as 4 -hydroxyglucobrassicin (an indolic glucosinolate derived from glucobrassicin), glucoerucin, and
glucobrassicin, identified through their characteristic MS2 fragments®’, as reported in Table 20. The
elution peak visible at 14.09 min in the chromatogram in Figure 36A was attributed to sinapine, an
alkaloid derived from sinapic acid and commonly found in seeds of certain Brassicaceae plants'.
Other minor compounds were also detected in the extract, but they were not identified. The identified
glucosinolates and sinapine were then quantified by means of HPLCDAD analyses, and the results
are reported in Figure 36B, showing a total glucosinolate content of 28.28 + 1.27%. It is worth noting
that the relatively high content (11.61 + 0.52%) of sinapine can also contribute to the antimicrobial

activity of the extract due to the demonstrated antimicrobial properties of this alkaloid??.

1.3.2 Physico-Chemical Characterization of Hydrogel

The hydrogels based on ALG polymers were then synthesized, exploring several different extract
concentrations, i.e., 0%, 1%, 2.5%, and 5% (with respect to the initial polymeric solution). The
equilibrium water content (EWC), calculated as described in Section 1.2.3, was found to be 93 + 1%
for all gels, both unloaded and loaded with the extract. The FWI of the developed systems was then
obtained through DSC analysis (see Section 1.2.4), and the results determined for all samples are

reported in Table 21.

Table 21. FWI measured in ALG-based hydrogels in the 0—5% concentration range.

Sample AHexp (J/g) FWI (%)
ALG 238+ 12 77+ 4
ALG 1 242 + 12 78 £4
ALG 2-5 279 + 14 90+5
ALG S 288 + 14 93+5

As shown in Table 21, the FWI tended to increase for the alginate hydrogels loaded with higher
amounts of extract. This effect was particularly pronounced in systems with higher concentrations

(2.5% and 5%), where the FWI difference was more significant. In contrast, the difference between



pure alginate and alginate loaded with 1% extract was smaller. This behaviour was likely due to a
complex and synergistic effect that took into account the chemical nature of the polymers; their
interactions with Ca2+ cations and their interactions with the variety of compounds included in the
extract.

It is indeed known that glucosinolates (particularly glucoraphanin and glucobrassicin) are prone to

2324 while less evidence is present in the literature with respect to

complexation with iron ions
interactions with calcium ions.

On the other hand, the significant increase in the FWI for the ALG-based systems (especially at the
2.5% and 5% extract concentration) can be attributed to better interactions between alginate chains
and the extract’s compounds, which replaced water molecules inside the gel’s walls.

This resulted in a weakening of the polymer network structure, which was further confirmed by
rheological analyses of the hydrogels.

Figure 37 shows the frequency sweep graphs reporting the storage (G’) and loss (G”) moduli

measured for all hydrogels. All systems exhibited a predominantly elastic behavior (characteristic of

solid-like viscoelastic systems), as G’ was larger than G” across the entire frequency range explored.
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Figure 37. Frequency sweep graphs showing G’ (circles) and G” (squares) moduli for all ALG hydrogel series. Black:
unloaded gels, initial extract concentration = 0%; red: initial extract concentration = 1%, green: initial extract
concentration = 2.5%; blue: initial extract concentration = 5%. The measurements were carried out by selecting an

amplitude in the linear viscoelastic region, identified through amplitude sweep analyses.

It was observed that for the ALG hydrogels, after an initial and abrupt increase between ALG and
ALG-1, both G’ and G” decreased for higher extract concentrations. This suggests that the hydrogel

structure, even if initially strengthened by the addition of the extract, was weakened by increasing the



amount of glucosinolates in the hydrogel. These results are consistent with the DSC findings, which
suggest that the increase in the FWI for the ALG-based systems was likely due to the competition
between extract and water molecules when interacting with the alginate chains, weakening the

hydrogel structure®’.

SEM micrographs of ALG-based hydrogels, both loaded and unloaded, were then acquired to gather
information on the micromorphology of these systems. Figure 38A shows the surface of an unloaded
alginate bead (ALG-0). Some surface roughness is visible due to slight deformation during freeze-
drying, even though the process was designed to minimize stress on the material.

Figures 38B show a cross-section of the hydrogel beads, allowing their internal structure to be
observed. It is interesting to note large pores, a well-known feature of alginate/Ca®" hydrogels,

according to the existing literature on these systems?®.

Figure 38. SEM micrographs taken on the freeze-dried hydrogels. (A) Surface of an ALG-0 hydrogel bead; (B) Cross-
section of an ALG-5 hydrogel bead.

1.3.4 Encapsulation Efficiency

The encapsulation efficiency (EE%) was then measured, as described in Section 1.2.8, as it is a crucial
parameter for the characterization of CR systems. In this case, it represents the amount of the active

principle retained inside the hydrogels with respect to the amount initially mixed with the polymer



solution. Knowing this parameter is necessary for calculating the subsequent release efficiency
(RE%) of the hydrogel beads and provides insight into the nature of the interactions between the
polymer network and the extract’s compounds. As mentioned above, in the present case,
glucoraphanin was quantified and taken as a marker to measure the loading and release profiles, being

the main glucosinolate present in the Brassica oleracea extract.
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Figure 39. compares the EE% values of ALG hydrogels for different initial concentrations

of the extract (1%, 2.5%, and 5%).

The EE% increased with increasing concentration of the extract in the initial polymer solution.
Specifically, at a concentration of 1%, the encapsulation efficiency was the lowest among the three
concentrations.

At 2.5%, a significant improvement in encapsulation efficiency was observed; at 5%, encapsulation
efficiency continues to increase but at a slower rate. This could be due to a saturation effect or to
physical-chemical limitations of the hydrogel in encapsulating larger amounts of extract.

In relation to EE%, another important factor must be considered, namely the average size of the
hydrogel spheres. For this reason, the viscosity of the polymer solutions was also taken into account
and analyzed: high viscosity of the solution could have resulted in slower dripping during the
synthesis and cross-linking phase, thus forming larger hydrogel spheres with a slightly more

elongated shape.
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Figure 40. Viscosity of ALG polymeric solutions (with different extract concentrations) before crosslinking. Black:
unloaded gels, initial extract concentration = 0%; red: initial extract concentration = 1%; green: initial extract
concentration = 2.5%; blue: initial extract concentration = 5%. Error bars are not clearly visible, as they are smaller than

the markers.

Apart from some not easily explainable behavior (possibly due to the complex influence of the
extract’s molecules on the rheological properties) at a low shear rate, all the polymer solutions

exhibited a shear-thinning trend in their viscosity, which is typical of non-Newtonian fluids.

Since EE% depends on the amount of glucoraphanin lost in the crosslinking solution and rinse water
as a result of glucosinolate migration from the gel to the external environment (driven by a
concentration gradient), it seems reasonable that it is also related to the surface area/volume (S/V)
ratio of the hydrogel beads. The sizes of the ALG hydrogel beads were therefore measured using a
digital caliper. The measurements revealed that the sizes of the beads did not vary significantly with
extract concentration: the ALG beads were approximately spherical in shape, characterized by an

ALGS/Vof1,7+0.1 mm™.

Regarding the encapsulation efficiency which appears to increase with extract concentration, it is
important to note that the absolute amount of glucoraphanin lost in the crosslinking saline was higher

for higher extract concentrations; therefore, a constant EE% could be expected over the entire range



of concentrations explored. However, this did not occur because, although increasing the initial
internal concentration of glucoraphanin within the forming gel bead would have widened the
concentration gradient driving the migration of the active compound, the interfacial area was the same
as that for lower concentrations, meaning that the process is self-limiting (almost) asymptotic.
Because of this, the amount of glucoraphanin retained within the hydrogel (namely EE%) increased

with increasing concentration of the extract.

1.3.5 Release Profiles

The release efficiency (RE%) is another key parameter for characterizing hydrogels to be used as CR
media, as it indicates their ability to release the active compound (crucial step in the treatment of
agricultural soils).

Before studying the behavior of the loaded hydrogel beads in simulated or actual soils, their release
profiles were investigated in water to compute a model system. In fact, since glucoraphanin is a water-
soluble compound, it can be hypothesized that its release in soil also occurs primarily through soil
moisture. By knowing the initial amount of glucoraphanin confined in the investigated systems (by
exploiting the EE% values previously measured, as discussed above) and measuring the
glucoraphanin (taken again as the reference glucosinolate, representative of all active compounds in
the extract) released by the hydrogel beads immersed in a known amount of water (see Section 1.2.8)

via HPLC-DAD, it was possible to plot the release profiles, as shown in Figure 41.
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Figure 42. Release kinetics profiles of glucoraphanin for all loaded systems investigated. Red: initial extract
concentration = 1%; green: initial extract concentration = 2.5%; blue: initial extract concentration = 5%. Dashed black

lines represent the best-fitting curve for each system, computed using the Weibull model.

For alginate (ALG) based hydrogels, the release of glucoraphanin in water showed apparently
asymptotic behavior. The release percentage (RE%) was decreased as the extract concentration
increased, showing an opposite trend to the encapsulation efficiency (EE%), where higher values
were obtained for hydrogels charged initially with 5% extract. These results were expected because,
in this case, a high EE percentage implies that the hydrogel retained glucoraphanin better.

Furthermore, for alginate-based systems, the RE% stabilised at around 40% of the initial active
substance content with increasing extract concentration. Importantly, although ALG-1 systems
showed a higher maximum RE%, the absolute amount of glucoraphanin released by ALG-5 after 3

hours of release in water was 5-6 times higher.

Table 22. Weibull model fitting parameters for the release profiles in water for all investigated hydrogels.

Sample | K a b Max Glucoraphanin Released?®

ALG 1% | 73% | 0.50 | 0.42 0.7+0.1
ALG 2,5% | 46% | 0.53 | 0.41 1.5+£1.0
ALG 5% | 44% | 0.42 | 0.38 33+£0.2

2 The concentration (ppm) of glucoraphanin, measured in the solution in which the hydrogels were immersed, after 3 h of
release.

Many suitable models can be used to fit the release kinetics of porous matrices, such as hydrogels or

1.27 or Peppas and coworkers?*-2-3%_ Such

mesoporous particles, e.g., those proposed by Higuchi et a
models represent short-time approximations of kinetic curves related to diffusion processes, which
can conveniently account for approx. 60% of the whole curve’!. In this case, similarly to what has
been done before on similar systems23, the Weibull model was used. This is a modified version of

first-order kinetics models, and it is described by Equation (11):

Ct = Coo(1— )
(11)



where C; is the experimental concentration measured in the water in which the hydrogels were
immersed as a function of time; C» is the maximum concentration reached at infinite time (an
asymptotic value); t is the time the hydrogels were immersed in water; a is a dimensionless empirical
constant; and b is another dimensionless constant, which has been shown to have a linear correlation

with the Peppas exponent, n, as reported in the following Equation (12):

Cr n
o=kt (12)

It has been demonstrated that if b < 0.75, the process is governed by Fickian diffusion; if 0.75 <b <
1, a combination of Fickian diffusion and Case II diffusion takes place, while for b > 1, a complex
diffusion mechanism occurs. In the present case, Equation (12) was normalized by the total
concentration of glucoraphanin initially present in each hydrogel system (CTOT), and this gave

Equation (3), which was then used to fit the experimental data and to obtain the ER% (13):

C Cﬂ,_-\_-, _ b ) _qtb
== (1) = ER% =K(1—")

Table 22 shows the values obtained for the adaptation parameters (K, a, b) for all the systems studied.
The most suitable curves are shown together with the experimental data in Figure 42.

The Weibull model fitted all six systems perfectly.

Since the values of the dimensionless constant b were all less than 0.75, the release of glucoraphanin
in water followed the Fickian diffusion kinetics.

Parameter a is a measurement of the rate of release in the initial phase and in this case it can be noted
that ALG-based hydrogel beads are poorly retentive compared to glucoraphanin, which is in good
agreement with the previously reported results. The water release process, although only
approximately approximating the actual case, provides evidence that the administration of
glucosinolates is slow and gradual. This would increase control over the fumigation potential in
agricultural land.

Finally, it is worth noting that, in a real soil treatment, the hydrogel beads would act well beyond 3
hours, until the gel network is completely interrupted and the active compounds are subsequently

released, ensuring a long-lasting effect over time.



1.4 Conclusion

Alginate-based hydrogels (ALGs) demonstrated an equilibrium water content (EWC) of
approximately 93%, indicative of their high capacity to retain water within their polymeric network.
Notably, the free water index (FWI) was observed to increase concomitantly with rising
concentrations of the loaded extract. This trend suggests a probable substitution mechanism whereby
glucosinolate molecules displace water molecules, thereby engaging in specific interactions with the
alginate polymer chains. Such molecular interactions may influence the structural and functional
properties of the hydrogel matrix.

Morphological analysis using scanning electron microscopy (SEM) revealed that the alginate
hydrogel spheres are relatively small in size, a characteristic attributable to the viscosity of the
alginate solution before cross-linking.

The reduced bead size consequently results in an increased surface-to-volume ratio, which is
advantageous in facilitating the diffusion and migration of glucosinolates from the hydrogel matrix
into the surrounding aqueous environment. This physicochemical characteristic is crucial for
optimizing the release profile of active compounds in soil applications.

Furthermore, the release efficiency (RE%) of glucosinolates from alginate hydrogels, as measured in
aqueous media, was found to be satisfactory. The release kinetics exhibited a gradual and controlled
profile, approaching an asymptotic plateau after approximately three hours of immersion. This
sustained release behavior underscores the potential of alginate hydrogels as effective delivery
vehicles, enabling prolonged bioavailability of active compounds for agricultural soil treatment. Such
controlled release properties are essential for ensuring the efficacy and environmental sustainability

of bioactive formulations used in crop protection and soil management.



Chapter 3

Food traceability is defined as the capability to provide detailed information regarding the history and
origin of a product throughout the entire supply chain. This process enables comprehensive
documentation of the production chain, facilitating the management and control of the product from
its point of origin to the final consumer. An efficient traceability system also allows for the timely
implementation of corrective measures, such as product recalls, when a product is deemed unsafe or
does not comply with established quality and safety standards, thereby safeguarding consumer health.
Traceability represents a fundamental element not only for food safety but also for quality assurance,
contributing to the integrity of the entire food supply chain’.

Furthermore, traceability is closely linked to food authentication, as it relies on the credibility of a
product’s authenticity. Numerous international and national studies have documented widespread
cases of food adulteration. In Europe, between 2016 and 2018, multiple reports on adulteration,
counterfeiting, and mislabeling were published, with products such as wine, spirits, olive oil, fish,
meat, cheese, honey, herbs, and spices among the most frequently reported (European Commission,
2019).

To address these challenges, global standardization bodies dedicated to controlling the origin and
production processes of food products have been established. A notable example is Italy’s “Controlled
Designation of Origin” (DOC) system, aimed at guaranteeing the authenticity and quality of regional
food products. Similarly, the European Union has introduced detailed legislation to protect
agricultural products, food, and beverages recognized for their quality, certified geographical origin,
or traditional production methods. Council Regulation (EEC) No. 2081/92 established the criteria for
key quality schemes, including Protected Designation of Origin (PDO), Protected Geographical
Indication (PGI), and Traditional Specialities Guaranteed (TSG)>.

The PDO label is reserved for products that are entirely produced, processed, and prepared within a
specific geographical area, ensuring a strong link between the product and its territory of origin. The
PGI designation applies to products for which at least one significant phase of production takes place
within the specified geographical area, thus highlighting the relationship between the product’s
characteristics and its origin. The TSG designation protects traditional production methods and
recipes, regardless of the geographical location of production. Collectively, these schemes aim to

safeguard the reputation and uniqueness of regional products, support producers in achieving higher



market value for authentic products and combat unfair competition arising from counterfeit or non-
compliant goods (EU Regulation 1151/2012).

Concurrently, food safety and quality authorities increasingly require a comprehensive and updated
list of analytical techniques capable of verifying food authenticity and supporting law enforcement
activities. In this context, there is a growing demand for reliable and rigorous analytical methods that
can provide definitive evidence regarding the authenticity of food products. Such methodologies must
be scientifically validated, precise, and reproducible, to ensure that genuine products are adequately
protected and clearly distinguished from fraudulent substitutes. Numerous studies have examined
various aspects of food authenticity assessment, including country of origin determination, responses
to specific cases of food fraud, and public perceptions concerning food safety and traceability”.

It is within this context that the Agritech Center (National Center for Agricultural Technologies),
established under the Italian National Recovery and Resilience Plan (PNRR), plays a pivotal role,
focusing particularly on the measurement, certification, and enhancement of the quality, origin, and
sustainability of products, processes, and companies within the sector.

Between 2010 and 2018 infact, Italy established itself as a leader in the field of food traceability and
authentication, ranking as the country with the highest number of scientific publications on the
subject, accounting for 37.5% of the total studies included in this area. This prominence is likely
attributable to the extensive presence in Italy of food specialties bearing quality certifications such as
PDO (Protected Designation of Origin), PGI (Protected Geographical Indication), and TSG
(Traditional Specialities Guaranteed), labels that guarantee high standards and are protected at the
European level.

These products, owing to their recognized quality and the added value associated with their
geographical origin, often command higher market prices compared to non-certified goods, thereby
holding significant economic importance on a global scale. However, this economic relevance also
makes them particularly vulnerable to counterfeiting and fraud, providing incentives for illicit
activities aimed at imitating or adulterating authentic products.

Particular attention in the scientific literature has been given to two raw materials of great importance
to the Italian and Mediterranean economy: olive oil and wine. Olive oil is frequently the subject of
traceability studies due to its substantial economic impact and global distribution. Similarly, wine, a
product of excellence and a symbol of Italian enogastronomic culture, has been the focus of numerous
investigations related to both traceability and authentication.

It is indeed on these two primary matrices that Agritech’s activities are focused.



1 Olive oil and its related products’

The global market for olive oil and its related products is expanding rapidly, driven by consumer
preferences for healthy, high-quality foods*. Among the various Italian regions known for olive oil
production, Tuscany stands out for its premium products, which are highly valued for their unique
sensory attributes and quality®. However, with increasing market demand, the challenge of ensuring
the authenticity of these products becomes of pivotal importance, since fraudulent practices such as
mislabeling and adulteration are frequently encountered®”’. Thus, robust and reliable methods for
assessing the geographical origin of olive oils are essential to maintain consumer trust and protect the
integrity of this regional specialty. To this aim, understanding the chemical composition of olive
drupes and leaves is a crucial step before investigating the final extra virgin olive oil product®. The
phenolic profile of olive leaves, for example, is affected both by biotic and abiotic factors such as
cultivar, leaf age, moisture content, and geographical origin, as well as the sampling time and/or
extraction processes.g'w'11

Studies have shown that the phenolic profile of olive fruits and oil is influenced by environmental

13-14

factors, such as water stress!? and climatic conditions'*"%, and is likely to have a similar impact on

leaves. Generally, an increased water stress implies a rise in phenolic content in fruit and oil'*-16,
Likewise, environmental stress can also modify the metabolism of polyphenols in leaves: a study
conducted on Meski cultivar leaves sampled in three different climatic zones in Tunisia detected an
increase in phenolic compounds, tannins, phytosterols, carotenoids and flavonoids with a concomitant
decrease in chlorophyll in leaves cultivated in arid areas'’. Several authors'® demonstrated that the
total phenolic content (TPC) of olive cultivars from six sites in Anatolia (Turkey) decreases in a
directly proportional way to the geographical altitude. A recent study on leaves of the Chetoui cultivar
showed that not only pedological features but also environmental conditions influence their phenolic

profile!®, and, specifically, leaves from higher altitude locations are characterized by high

concentrations of secoiridoids, whereas the lower ones are higher in flavonoids.

3 This chapter partially reports results already published in:
Tatini, D.; Bisozzi, F.; Costantini, S.; Fattori, G.; Boldrini, A.; Baglioni, M.; Bonechi, C.; Donati, A.; Tozzi, C.; Riccaboni, A.; et al.
Geographical Origin Authentication of Leaves and Drupes from Olea europaea via '"H NMR and Excitation—Emission Fluorescence

Spectroscopy: A Data Fusion Approach. Molecules 2025, 30, 3208.



Also, the polyphenolic content of the Chemlali cultivar showed significant variation among samples
from nine Tunisian regions?’. The phenolic profile of olive leaves can also be used to help identify
the geographical origin of olive-based products!’2%-2!,

The phenolic profile of olive leaves, along with the soil composition where they were grown and the
agricultural practices applied, can serve as indicators of geographical origin. Characterizing their
metabolic profile enables the identification of region-specific markers that may also be detected in
the final product.

Several analytical procedures have been proposed for olive oil, drupes, and leaves characterization,
including mass spectrometry, gas and liquid chromatography, as well as different spectroscopic

techniques, often combined with statistical and chemometrics approaches,??-2>-26-27-28-29-30-31

Among
these, nuclear magnetic resonance (NMR) spectroscopy, particularly 'H NMR, has emerged as a
powerful and reliable analytical technique for the geographical authentication of olive oils, and for
the varietal and metabolomic analysis of olive drupes and leaves.’>*-* Three main methodologies
have been explored in 'H NMR and, more in general, in metabolomic investigations like mass
spectrometry: target analysis, metabolic profiling, and metabolic fingerprinting.*> Through target
analysis, a specific metabolite or a class of metabolites present in olive oil is detected and quantified,
usually after a selective extraction. In the metabolic profiling, different selected metabolites from
various classes of compounds are identified, usually without any selective isolation. NMR metabolic
fingerprinting is often performed on the full 'H spectral data, excluding any a priori selection of
specific metabolites. Both metabolic profiling and fingerprinting enable the classification of olive oil
samples based on factors such as geographic origin, variety, harvest timing, and aging, by combining

the analysis of the spectral features with multivariate statistics and chemometrics*®. An overview of

the recent progresses in the authentication of olive oils and related vegetable matrixes via 'H NMR

1.37 1_38

and chemometric methods can be found in the works by Fanizzi et al.”’, Camin et al.’®, Beteinakis et
al.3?, Dais et al.**, and references therein. The high reproducibility and non-destructive nature make
"H NMR particularly suitable for the differentiation of products from distinct geographical regions in
routine analysis®”.

In recent years, excitation—emission matrix (EEM) fluorescence spectroscopy has attracted increasing
attention for its ability to identify and characterize fluorescent compounds in food matrices*!. Several
studies reported on the application of EEM fluorescence spectroscopy for authentication and
classification purposes in wines*?, spirits*, edible oils*, fruits*, cereals*, and dairy products*’-3. In
the case of olive oils, this technique is particularly effective in detecting phenolic compounds,

tocopherols, pigments, and other secondary metabolites like oxidation products that contribute to the



oil’s quality and authenticity*'. However, to the best of our knowledge, EEM fluorescence
spectroscopy has not previously been applied specifically for the purpose of determining the
geographical origin of olive drupes and leaves. Moreover, this technique presents several advantages,
including its rapid, non-destructive nature and high sensitivity, without requiring extensive sample
preparation or expensive instrumentation®. Within the threedimensional structures of EEM data, it is
possible to detect variations in excitation and emission wavelengths and capture the complex
fluorescence behavior of multiple compounds simultaneously. Nevertheless, the complexity of EEM
datasets requires specific chemometric approaches to extract meaningful information. Multitensor
decomposition methods, and, in particular, Parallel Factor Analysis (PARAFAC), have proven to be
highly effective for resolving overlapping fluorescence signals®*>!. PARAFAC decomposes EEM
datasets into individual components representing chemically meaningful fluorophores, facilitating the
isolation and identification of key compounds that contribute to geographic origin and product quality
authentication. An alternative strategy for the classification of EEM data involves reshaping the 3D
array into a 2D matrix, where each sample’s EEM is converted into a row vector>2. This unfolding
procedure allows the application of first-order visualization and classification algorithms, such as
principal component analysis (PCA), discriminant analysis (DA) or class-modeling algorithms like
Soft Independent Modeling of Class Analogy (SIMCA)>33433,

Despite the high molecular specificity and reproducibility of 'H NMR, its implementation in routine
industrial workflows is limited by practical constraints, including high acquisition and maintenance
costs. In contrast, more accessible techniques such as NIR, FTIR, fluorescence, and UV-Vis
spectroscopies are widely adopted in routine analysis of agrifood products>®>7- due to their lower
operational costs, minimal sample preparation, and the availability of portable instrumentation.
However, these methods often suffer from lower selectivity and resolution, particularly in nontargeted
authentication. In this context, high-resolution techniques like '"H NMR can play a key role in
confirmatory and in-depth analyses in centralized laboratories supporting regulatory control.
Moreover, integrating 'H NMR with complementary and portable methods via data fusion may offer
a practical compromise between analytical performance and field applicability.

The present study focuses on the geographical origin authentication of olive drupes and leaves from
the 2022 harvest in Tuscany, using a comprehensive strategy combining "H NMR, EEM fluorescence
spectroscopy, and multivariate analysis. The objective was to integrate an inexpensive and relatively
simple technique (EEM fluorescence) together with NMR via data fusion to enhance the sample

classification at a subregional level.



First, the individual datasets from the two spectroscopic techniques are analyzed independently, and
PCA is applied to detect potential clustering patterns among the samples according to their
geographical origin. Additionally, SIMCA was implemented to develop a classification model for
samples originating from a specific subregional area.

Then, a multi-block approach is explored to improve the sample differentiation through data fusion.
Data fusion strategies are emerging as a promising tool for food quality assessment and geographical
origin characterization, and they can be categorized into low-level, mid-level, and high-level®. In this
study, a mid-level data fusion approach, which implements the common dimensions (ComDim)
algorithm, is applied. This method extracts shared patterns between 'H NMR and EEM fluorescence
blocks by identifying common dimensions (CDs) that summarize the variance-covariance structure
of the combined data®’. This approach offers the advantage of balancing the individual contributions
of each dataset while maintaining interpretability of the results. The ComDim algorithm facilitates
the identification of underlying trends and relationships that might not be apparent when analyzing
each dataset independently. To the best of our knowledge, only one paper has reported on the
application of ComDim for olive oil characterization, albeit using different analytical techniques
(UV—-Vis spectroscopy, Near-Infrared spectroscopy and gas chromatography)®!; in the case of drupes
and leaves this is the first study so far.

To further improve the classification performance and evaluate the benefits of data integration, a
SIMCA-based one-class modeling strategy is implemented using the multiblock ComDim outputs,
and its performance was systematically compared to SIMCA models developed on individual
datasets.

In this perspective, this study aims to develop and validate a reliable method for the geographical
origin authentication of olive vegetal matrices, starting from spectroscopic data. The findings
contribute to the expanding research field on the authentication of olive-derived products,
demonstrating the potential of spectroscopy and chemometrics integration to support traceability and

quality assessment efforts across the production chain.

1.2 Materials and Methods

Methanol, TSP-D4 (3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt, 98% D), and deuterated
solvents (D20, 99.9% D, methanol D4, 99.8% D, H>O < 0.03%) were purchased from Merck (Milan,
Italy) and used without further purification. Bidistilled water was produced by a Direct Pure UP 10
system (Rephile Bioscience Ltd., Boston, MA, USA).



1.2.1 Sampling and Extraction Protocol

Leaves and olives (three replicates per orchard) were sampled from the four cardinal directions around
the perimeter of three different trees at operator height, to ensure a good representation of the internal
variability of the sampling site. The total number of samples for leaves and drupes is 31 and 51,
respectively. To minimize the effect of drupes’ ripening, the samples were hand-harvested within a
one-week period in early October 2022, across geographically close sites in the Tuscany region. Prior
to collection, fruits were visually inspected to assess ripening stage, and only healthy, undamaged
specimens were selected.

Sampling was standardized to trees bearing olives at a consistent phenological stage: approximately
half of the fruits were still green, while the other half had begun to transition to the pigmented stage.
This ripening phase was chosen to ensure comparability across different cultivars and locations while
maintaining the representativeness of typical harvest conditions. These precautions were adopted to
reduce the influence of maturity-related changes in metabolite and fluorescence profiles, and to better
isolate the geographical contribution in the subsequent chemometric analysis. The samples were
stored in plastic bags in the dark until they arrived at the laboratory. Once there, they were washed
with ultrapure water, lyophilized at —45 °C and 360 pbar until reaching a constant mass, then blade-
milled (Pulverizette 11, Fritsch, Idar-Oberstein, Germany) into a fine powder (500 pm) using a liquid
nitrogen bath. The powdered samples were kept frozen and in the dark until analysis. For fluorescence
experiments, the leaf and drupe samples were extracted according to a modified version of the
International Olive Council’s protocol, as reported in Borghini, F.; Tamasi, G.; Loiselle, S.A.;
Baglioni, M.; Ferrari, S.; Bisozzi, F.; Costantini, S.; Tozzi, C.; Riccaboni, A.; Rossi, C. Phenolic
Profiles in Olive Leaves from Different Cultivars in Tuscany and Their Use as a Marker of Varietal
and Geographical Origin on a Small Scale. Molecules 2024, 29, 3617.

About 500 mg of the dried samples were extracted with 10 mL of an 80:20 methanol/water mixture
for 10 min at 25 £+ 2 °C in an ultrasonic bath (Sonorex, Bandelin electronic GmbH, Berlin, Germany,
operating at 120 W and 35 kHz).

The resulting extracts were centrifuged at 3500 rpm for 15 min, and the supernatant was then filtered
using 0.22 um syringe filters. The procedure was repeated three times for a total of 30 mL. Prior to
the acquisition of fluorescence maps, the extracts were diluted 1:100 with the 80:20 methanol/water

solution.



For the '"H NMR experiments, a similar protocol was followed, extracting the powdered samples with
an 80:20 mixture of deuterated methanol and deuterated water. No additional dilution was required
prior to NMR analysis. TSP-d4 (sodium salt of trimethylsilylpropionic acid) was added to each
sample as an internal standard (6 = 0) with a final concentration of 0.05% w/v. All samples and
standards were carefully handled to minimize light exposure, and all the experiments were performed

in triplicate.

1.2.2 Fluorescence Excitation Emission Matrix (EEM) Experiments

The fluorescence excitation emission matrix (EEM) measurements were performed on an Agilent
Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, Milan, Italy) equipped with a
xenon flash lamp and a photomultiplier tube as detector. About 3 mL of each sample was placed in a
10 mm quartz cuvette and analyzed at room temperature.

The excitation wavelength ranges were 250—750 nm and 200450 nm for leaves and olive samples,
respectively, with 10 nm increments. The emission signals were recorded between 370-750 and 250
550 nm at 1 nm intervals. The excitation and emission ranges were selected on the basis of previous

works>>%2

and optimized in order to obtain the best compromise between the inclusion of all the
informative fluorescence signals and reasonable acquisition times. The slits of excitation and
emission monochromators were set at 5 nm, while the scan rate was set to 600 nm/min. A blank EEM
was recorded (80:20 methanol/water solution) and then subtracted from all the fluorescence
excitation—emission matrices. The fluorescence excitation—emission matrices were arranged in cubic
structures with dimensions of samples x emission wavelength % excitation wavelength. The spectra
were preprocessed by removing the Rayleigh and Raman scatter (both first and second order) and
interpolating the missing values according to Murphy et al.>?. The data were normalized to unit
variance in sample mode. An exploratory analysis via Parallel Factor Analysis (PARAFAC)
decomposition was performed to resolve and identify the underlying fluorescent components. For the
geographical origin characterization, the cubic structures were unfolded by combining the excitation
and emission modes, resulting in 2-D matrices with dimensions of samples x (emission
wavelength...excitation wavelength). These unfolded matrices were used as input for the subsequent
chemometric analysis.

All the calculations were performed in a MATLAB environment (MATLAB R2023b version, The
MathWorks Inc., Natick, MA, USA) using the N-way toolbox®® and drEEM toolbox™2.



1.2.3 'TH-NMR Spectroscopy

For each sample, 1 mL of the extract was placed into a 5 mm NMR test tube.
The '"H-NMR spectra were recorded on a Bruker DRX-600 AVANCE spectrometer, equipped with an

xyz gradient unit and operating at 600.13 MHz. Spectra were processed using Bruker TopSpin
software (version 3.6.1, Bruker, Bremen, Germany). The spectra obtained by the Fourier
transformation of the free induction decay (FID) were manually phased, and the chemical shifts were
reported with respect to the TSP’s signal set at 0 ppm.

The FIDs, relative to the 'H NMR experiments, were processed by using NMRProcFlow software,
1.4 version (nmrprocflow.org, INRA UMR 1332 BFP, Bordeaux Metabolomics Facility, Bordeaux,
France)®. The spectra were phase- and baseline-corrected manually and sectioned into regular
intervals (0.04 ppm sized buckets) in the range of 0.50—10 ppm. The area within each bucket was
normalized to the total intensity. The areas of the buckets in the regions 4.50-5.20 and 3.28-3.40
ppm, corresponding to the residual signals of water and methanol, respectively, were excluded. The
matrices with dimensions of samples % number of buckets containing the normalized spectral

intensities were used as input for the chemometric analysis.

1.2.4 Chemometric Methods

An exploratory analysis of the experimental data obtained from 'H NMR and EEM fluorescence
(unfolded matrices) was performed by means of Principal Component Analysis. For the geographical
origin characterization, the data were analyzed by means of a Soft Independent Modeling of Class
Analogy (SIMCA) chemometric model. SIMCA was originally developed by Svante Wold in 1976,
% and it has been extensively used as a supervised pattern recognition method in combination with
different experimental techniques for geographical origin

67-68-69 quality assessment,’’’! and fraud detection.”?"*"* SIMCA consists of building

authentication,
a PCA model to describe the variance within each class separately. Each class was described by its
own PCA model, and the boundaries were defined by confidence limits based on the residual variance.
The experimental data were projected onto these models to determine the class membership, allowing
for the identification and characterization of distinct groups within the dataset. The classification rule
is defined by the distance of the sample from the class model, which is calculated from the normalized

Q residuals and normalized Hotelling T? values. Q residuals and Hotelling T? are normalized over

their 95% confidence limits.



The performance of the SIMCA model was evaluated by calculating the accuracy (ratio of correctly

assigned samples), sensitivity, and specificity of the classification, which are defined as follows:

Sensitivity = re 14
ensitivity = o (14)
Specificity = v 15

pecificity = TN FP (15)

where TPs are the true positives, FNs the false negatives, TNs the true negatives, and FPs the false
positives. Sensitivity measures how well target class samples are correctly recognized, while
specificity represents how many non-target class samples are rejected by the model built for the
investigated class’.

The distance threshold is not fixed, since its value is tuned and optimized in order to maximize class
specificity and sensitivity, following the approach of Vitale et al.”®.

The number of principal components to be retained in order to build the PCA model for each class
was selected on the basis of the minimum of root mean square error in cross-validation (RMSECYV,
Leave-one-out cross-validation) and the maximum of sensitivity estimated in cross-validation”’. The
model performances were evaluated using a test set validation: each dataset was split into a calibration
and a validation set using the duplex algorithm with a splitting ratio of 80:207%,

All the measurements (both 'H NMR and fluorescence) were conducted in triplicate to ensure
analytical reproducibility. Moreover, a careful preliminary inspection of the datasets was performed
to detect and remove outliers prior to modeling, based on leverage and Q-residual diagnostics
following standard PCA-based approaches. As for preprocessing, both 'H NMR and EEM datasets
were mean-centered prior to the chemometric analysis.

Parallel Factor Analysis (PARAFAC) decomposition was applied to decompose the threedimensional
data into individual fluorescent components based on their spectral signatures. The algorithm works
by fitting the data into a trilinear model, assuming that the fluorescence intensity is the product of
excitation and emission spectra for each component, along with their relative concentrations’. The
decomposition generates three sets of bidimensional matrices, or loadings: sample loadings (also
referred to as scores), excitation loadings, and emission loadings. The sample loadings correspond to
the relative concentration of each component across the different samples, providing insights into
how the components vary across the dataset, while excitation and emission loadings represent the

fluorescence excitation and emission spectra of each component, respectively. The optimal number



of components was determined on the basis of different parameters, namely the central consistency
diagnostic criterion (CORe CONsistency DIAgnostic, CORCONDIA), the percentage of variance
explained by the model, and visual inspection of the recovered spectral and residual profiles. Non-
negative constraints were applied for all the modes.

Although the PARAFAC approach might be more suitable for identifying which fluorophores are
present in the samples, contributing at the same time to geographical authentication, using unfolded
data appeared more effective for the straightforward classification of olive oil, fruit, and leaf
samples®. This difference can be attributed to the fact that the unfolded matrix retains all available
data, whereas PARAFAC reduces the amount of information and is highly influenced by the number
of components chosen, which may lower classification accuracy®!. However, the major drawback of
multidimensional unfolding methods is the higher complexity and the more difficult interpretation of
the generated outputs, which must be refolded to restore the original modes.

All the calculations were performed in a MATLAB environment (MATLAB R2023b version, The
MathWorks Inc., Natick, MA, USA) using PCA®? and classification toolboxes for®> MATLAB from
Milano Chemometrics and QSAR Research Group.

1.2.4 Data Fusion

The multi-block analysis on the data from the two different spectroscopic techniques (‘H NMR
spectra and unfolded fluorescence matrices) was performed according to a mid-level data fusion
based on the ComDim (Common Dimension) method, a particular application of the Common
Components and Specific Weights Analysis (CCSWA) procedure developed by Qannari®*. The first
step is the organization of the data into two different blocks, corresponding to the individual analytical
techniques. The '"H NMR data and unfolded EEMs are normalized by dividing each point by the
square root of the sum of squared values®. After concatenation, each block is normalized by its
Frobenius norm so that they all have the same total variance. The ComDim approach focuses on the
variance-covariance matrices of the samples, which are all of the same dimensions. This allows for
the calculation of a weighted sum of these matrices, from which the first normalized principal
component, referred to as the “Common Dimension” (CD), is extracted. The algorithm then
iteratively adjusts the weight, or “salience,” of each data block for the identified CD. After the first
CD is computed, each data block matrix is deflated, and the process is repeated to calculate
subsequent CDs. As a result, each CD represents the first principal component of the weighted sum

of the variance-covariance matrices of the deflated blocks.®*36-%% The resulting scores (i.e., the



extracted common components) and loadings provide a direct visualization of sample distribution
and variable contribution, enhancing the understanding of sample similarities, clustering, and
correlations with the geographical origin.

To support the classification of leaf and drupe samples according to their geographical origin, a
SIMCA-like model was developed based on the results of the ComDim multiblock analysis. In this
approach, global scores and residuals derived from the ComDim model—applied to the integrated
dataset combining "H NMR and EEM fluorescence spectroscopy—are used to calculate two metrics,
the score distance (SD) and the orthogonal distance (OD), respectively, for each training sample of
the target class. The ComDim scores were used as input without pre-processing. These metrics were
combined into a single reduced distance, used to quantify the degree of class membership for each
sample. The threshold value is optimized in order to maximize class specificity and sensitivity”>. New
samples were projected onto the ComDim model, and their reduced distance values were compared
to the threshold to determine class inclusion. This methodology is analogous to the multiblock
extension of the one-class classifiers that integrates ComDim with the data-driven SIMCA model
originally proposed by Galvan and co-workers®”. Model performance was evaluated in terms of
accuracy, sensitivity, and specificity, based on a validation strategy involving the division of the
dataset into separate calibration and external test sets, as in the case of single block-based SIMCA.
All the calculations were performed using the MBA-GUI toolbox for MATLAB®® and in-house
MATLAB scripts.

1.3 Results and Discussion

Fifty-one drupe and thirty-one leaf samples harvested in September and October 2022 from different
geographical areas of Tuscany (Chianti—Siena, Grosseto, and Val d’Orcia) were collected and
analyzed. These subregions were selected according to the Protected Designation of Origin (PDO)
classification and to the chemical composition of the soil from previous studies®®!. The sampling

sites are show in Figure 43.
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Figure 43. Sampling sites for leaves and drupes. The three different selected regions are evidenced by colored markers

as follows: (blue) Chianti and Siena; (green) Val d’Orcia; (red) Grosseto.

Table 23. Description of the analyzed drupes and leaves samples, including climatic and
environmental data.

DRUPES
Sample Geographical Cultivar Cumulative Average Altitude (m)
code area rainfall Temperature
(mm)* cO*

DR1 Chianti - Siena Frantoio 439 17.3 262

DR2 Chianti - Siena Frantoio 439 17.3 262

DR3 Chianti - Siena Frantoio 439 17.3 262

DR4 Chianti - Siena Frantoio 550 16.6 304

DRS5 Chianti - Siena Frantoio 550 16.6 300




DR6 Chianti - Siena Frantoio 550 16.6 300
DR7 Chianti - Siena Frantoio 550 16.6 279
DR8 Chianti - Siena Frantoio 550 16.6 286
DR9 Chianti - Siena Frantoio 519 17.5 305
DR10 Chianti - Siena Frantoio 519 17.5 296
DRI11 Chianti - Siena Frantoio 519 17.5 296
DR12 Chianti - Siena Frantoio 616 15.3 292
DR13 Chianti - Siena Frantoio 616 15.3 292
DR14 Chianti - Siena Leccino 439 17.3 299
DR15 Chianti - Siena Leccino 439 17.3 299
DR16 Chianti - Siena Leccino 439 17.3 262
DR17 Chianti - Siena Leccino 439 17.3 262
DR18 Chianti - Siena Leccino 550 16.6 313
DR19 Chianti - Siena Leccino 550 16.6 313
DR20 Chianti - Siena Leccino 550 16.6 300
DR21 Chianti - Siena Leccino 550 16.6 279
DR22 Chianti - Siena Leccino 550 16.6 286
DR23 Chianti - Siena Leccino 519 17.5 305
DR24 Chianti - Siena Leccino 519 17.5 296
DR25 Chianti - Siena Leccino 519 17.5 296
DR26 Chianti - Siena Leccino 616 15.3 292
DR27 Chianti - Siena Leccino 616 15.3 292
DR28 Chianti - Siena Leccino 616 15.3 268
DR29 Chianti - Siena Moraiolo 439 17.3 262
DR30 Chianti - Siena Moraiolo 439 17.3 262




DR31 Chianti - Siena Moraiolo 550 16.6 300
DR32 Chianti - Siena Moraiolo 550 16.6 300
DR33 Chianti - Siena Moraiolo 550 16.6 279
DR34 Chianti - Siena Moraiolo 550 16.6 286
DR35 Chianti - Siena Moraiolo 519 17.5 305
DR36 Chianti - Siena Moraiolo 519 17.5 305
DR37 Chianti - Siena Moraiolo 616 15.3 292
DR38 Chianti - Siena Moraiolo 616 15.3 292
DR39 Grosseto Canino 429 17.0 300
DR40 Grosseto Frantoio 467 17.3 329
DR41 Grosseto Frantoio 429 17.0 300
DR42 Grosseto Leccino 429 17.0 300
DR43 Grosseto Leccino 319 17.5 217
DR44 Grosseto Moraiolo 319 17.5 217
DR45 Val d’Orcia Frantoio 431 15.0 339
DR46 Val d’Orcia Frantoio 431 15.0 339
DR47 Val d’Orcia Frantoio 431 15.0 359
DR48 Val d’Orcia Moraiolo 431 15.0 495
DR49 Val d’Orcia Moraiolo 431 15.0 495
DR50 Val d’Orcia Moraiolo 431 15.0 495
DRS51 Val d’Orcia Moraiolo 431 15.0 495
TOTAL (drupes) 51

LEAVES
Sample Geographical Cultivar Cumulative Average Altitude (m)
code area rainfall (mm) | Temperature

a

(OC) a




FO1 Chianti - Siena Frantoio 439 17.3 299
FO2 Chianti - Siena Frantoio 439 17.3 262
FO3 Chianti - Siena Frantoio 550 16.6 304
FO4 Chianti - Siena Frantoio 550 16.6 300
FO5 Chianti - Siena Frantoio 550 16.6 286
FO6 Chianti - Siena Frantoio 519 17.5 305
FO7 Chianti - Siena Frantoio 519 17.5 296
FO8 Chianti - Siena Leccino 616 15.3 292
FO9 Chianti - Siena Leccino 439 17.3 299
FO10 Chianti - Siena Leccino 439 17.3 262
FOl11 Chianti - Siena Leccino 550 16.6 313
FO12 Chianti - Siena Leccino 550 16.6 300
FO13 Chianti - Siena Leccino 550 16.6 279
FO14 Chianti - Siena Leccino 519 17.5 305
FO15 Chianti - Siena Leccino 519 17.5 296
FOl16 Chianti - Siena Leccino 616 15.3 292
FO17 Chianti - Siena Leccino 616 153 268
FO18 Chianti - Siena Moraiolo 439 17.3 299
FO19 Chianti - Siena Moraiolo 550 16.6 300
FO20 Chianti - Siena Moraiolo 550 16.6 286
FO21 Chianti - Siena Moraiolo 519 17.5 305
FO22 Chianti - Siena Moraiolo 616 15.3 268
FO23 Grosseto Canino 429 17.0 300
FO24 Grosseto Frantoio 429 17.0 300
FO25 Grosseto Leccino 429 17.0 300
FO26 Grosseto Leccino 319 17.5 217




FO27 Grosseto Moraiolo 319 17.5 217
FO28 Val d’Orcia Frantoio 431 15.0 339
FO29 Val d’Orcia Leccino 431 15.0 339
FO30 Val d’Orcia Leccino 431 15.0 359
FO31 Val d’Orcia Moraiolo 431 15.0 495
TOTAL (leaves) 31

aCumulative rainfall and average temperatures were calculated between January and September 2022. The

data are available here: https://www.sir.toscana.it/consistenza-rete.

The results obtained from '"H NMR and EEM fluorescence experiments for the olive leaves and
drupes are first examined separately to highlight the specific contributions of each technique. Then,
the outcomes of the multiblock analysis on the merged datasets based on the ComDim approach are

discussed.

1.3.1 Olive Leaves, 'H NMR and EEM Fluorescence Spectroscopy
SingleTechnique Approach

The "H NMR spectrum of a sample from the Chianti—Siena region is reported in Figure 44, which
represents the typical NMR profile of olive leaves’ extract. The visual appearance of such spectra is
quite complex, due to the presence of several overlapping signals that can be ascribed to different
classes of compounds like secoiridoids (oleuropein, ligstroside, oleocanthal, and oleacin), sugars,
other polyphenols (tyrosol and hydroxytyrosol), and organic acids. The detailed chemical shifts

assignment is listed in table 24.
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Figure 44. 'H NMR spectra recorded for a single olive leaves’ (a) and drupes’ (b) sample from Siena region, which are
representative of the typical NMR profile of leaf and drupe extracts.

The most intense signals are located in the 3—5.5 ppm region, and they can be primarily assigned to
sugars and sugar alcohols like mannitol, glucose, and sucrose, which are the most abundant soluble
sugars in olive leaves®. Specifically, the doublets centered at 5.13 ppm and 4.52 ppm are identified
as the anomeric protons of a- and B-glucose, respectively. An additional characteristic doublet at 5.39
ppm, attributed to sucrose, is also detected’®. Mannitol exhibits multiple signal patterns in the range
3.65-3.90 ppm®*. Several intense NMR signals can be observed between 5.80 and 7.52 ppm and they
can be attributed to oleuropein, one of the main constituent of olive leaf extracts’: the presence of
this glycosylated secoiridoid is confirmed by additional characteristic resonances in the 1.61-4.16
ppm region’®7.

These signals originating from oleuropein could be potentially superimposed to the signals of
ligstroside, another secoiridoid that differs from oleuropein by one hydroxyl group. Nevertheless, a
recent work evidenced that in the extracts of the same olive leaves’ varieties the concentration of
oleuropein is one order of magnitude higher than ligstroside. Signals in the 9.0-9.2 ppm range are
attributed to the aldehydic proton of oleocanthal and oleacin, alongside their hemiacetal derivatives®®.
These compounds originated from the demethylation and spontaneous decarboxylation of the
aglycone form of ligstroside and oleuropein, respectively®®. A characteristic singlet at 8.48 ppm,
attributed to formate, can also be detected. In the 6.22—7.52 ppm range, NMR signals corresponding
to phenyl alcohol moieties of hydroxytyrosol are observed, along with different characteristic

resonances of luteolin!%. In the aliphatic region organic acids, including malic (2.29-2.70 ppm), citric



(2.50-2.70 ppm), succinic (2.40 ppm), quinic (1.80-2.09 ppm), and lactic (1.32 ppm) acids are also

identified.!”! Signals between 0.70 and 1.13 ppm can be attributed to maslinic and oleanolic acids

Table 24. '"H NMR assignment for the olive leaves extracts.

102

d (ppm) Assignment Reference
Aldehydic proton of olecanthal and its hemiacetal derivative
9.16-9.17 (m) [1]
Aldehydic proton of oleacin and its hemiacetal derivative
9.10-9.08 (m) [1]
8.48 Formate (s) (2]
7.52 Oleuropein (s) [3,4]
7.35 Luteolin (m) [5]
6.88 Luteolin (m) [5]
6.73 Oleuropein (s) [3,4]
6.72 Oleuropein (s) [3,4]
6.69 Oleuropein (d, J =2 Hz) [3.4]
6.57 Hydroxytyrosol (dd, Ji= 8.02 Hz, J.= 1.99 Hz) [4]
6.52 Fumarate (m) [2]
6.22 Luteolin (m) [5]
6.06 Oleuropein (g, J = 6.94 Hz) [3,4]
5.87 Oleuropein (s) [3]
5.39 Sucrose anomeric protons (d, J = 3.80 Hz) [2]
5.13 Anomeric proton of a-glucose (d, J =3.71 Hz) [2]
4.52 Anomeric proton of b-glucose (d, J = 7.91 Hz) [2]
4.16 Oleuropein (m) [3,4]
3.82 Mannitol (dd, Ji=11.43 Hz, J.=3.32 Hz) [5,6]
3.77 Mannitol (d, J = 8.11 Hz) [5.,6]
3.73-3.68 Mannitol (m) [5,6]
3.71 Oleuropein (s) [3.,4]
3.65 Mannitol (dd, Ji=11.16 Hz, J>= 6.06 Hz) [5,6]
3.52-3.13 Glucose and sucrose [3.4]
2.76 Oleuropein (m) [3.,4]




2.70 Malic / Citric acid (d) [2]
2.67 Oleuropein (d, J = 4.64 Hz) [3.,4]
2.50 Citric acid (d) [2]
2.42 Oleuropein (d, J =4.79 Hz) [3,4]
2.40 Succinic acid (s) [2]
235-2.29 Malic acid (m) [2,5]
2.09 - 1.80 Quinic acid (m) [6]
1.61 Oleuropein (dd, Ji="7.01 Hz, J=1.25 Hz) [3.4]
1.32 Lactic acid (m) [3,6]
1.13 Maslinic and Oleanolic acid (s) [7]
0.97 Oleanolic acid (m) [7]
0.96 Maslinic acid (s) [7]
0.93 Maslinic and Oleanolic acid (s) [7]
0.89 Maslinic and Oleanolic acid (s) [7]
0.80 Maslinic acid (s) [7]
0.77 Maslinic and Oleanolic acid (s) [7]

First, an exploratory data analysis was performed via PCA on the NMR leaves dataset.

The resulting score plot for the first three principal components, accounting for 89.5% of the original

variance, is reported in Figure 45.
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Figure 45. Three-dimensional PCA score plot for 'H NMR data of the olive leaf samples.
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Figure 46. PCA loading plot for "H NMR data of the olive leaves samples (a) and 2D score plots: PC1 vs PC2 (b), PC1
vs PC3 (c) and PC2 vs PC3 (d).
The distribution of the samples along the PCs shows a partial differentiation according to the different
geographical origins. The samples from Chianti—Siena region are relatively well clustered, similarly
to the samples from Grosseto, which form a separate, though more scattered, group. The samples
from Val d’Orcia are more widely distributed, showing a significant overlap with the other regions.
The separation observed along PC1 accounts for the most significant differentiation among the
groups, particularly between Chianti—Siena and the other regions. Notably, this trend seems to
correlate with the latitude of the sampling sites, as evidenced in the 2D score plots in Figure 46. The
samples from Chianti—Siena are located at positive PC1 values, which gradually shift toward more
negative values when moving from Val d’Orcia to Grosseto, so from central to southern Tuscany.
The analysis of the PCA loadings reveals that the major contributions in terms of individual variables
(i.e., buckets) are given by the oleuropein/ligstroside signals at 1.64, 2.80, 3.71 and 6.73 ppm,
followed by mannitol (3.65, 3.81), glucose (3.37, 4.53), and quinic acid (1.96). These findings are in
good agreement with the results obtained from the analysis of the phenolic composition via high-
performance liquid chromatography—high-resolution mass spectrometry (HPLC-HRMS) on the same
dataset, identifying ligstroside as one of the major contributors to geographic discrimination??.
Considering the results obtained from the explorative PCA, SIMCA was implemented to build a
classification model for the Chianti—Siena subregional area. Among the three geographical areas
considered, the samples from this subregion exhibit a relatively more compact and coherent
distribution despite the overall absence of clear global separation. This apparent in-class consistency
provides a suitable foundation for a class-modeling approach, aiming to distinguish Chianti—Siena

samples from those belonging to other regions.



The model performance parameters are listed in Table 25, while the SIMCA distance plot is reported

in the Figure 47.
SIMCA Model for Chianti-Siena Region
Training Test
Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity Explained
(%) (%) (%) (%) (%) (%) Variance (%)
Leaves 100 100 100 83 100 50 97
"H NMR
Leaves 84 100 43 83 100 50 94
EEM
Drupes 88 90 82 70 75 50 95
"H NMR
Drupes 76 77 73 50 50 50 90
EEM

Figure 47. SIMCA normalized distances from '"H NMR data of the olive leaves samples for the

modelled Chianti — Siena region.
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The SIMCA model shows good performance in classifying samples from the Chianti—Siena subregion
in both the training and test sets, achieving a prediction accuracy of 83%, albeit with relatively low
specificity. The analysis of the model loadings supports the findings from the PCA, highlighting the
predominant contribution of oleuropein/ligstroside (6 1.64, 2.80, 3.71 ppm) and sugars, specifically
mannitol (6 3.65, 3.81 ppm) and glucose (6 3.37, 4.53 ppm).

The Figure 48 shows the full excitation—emission landscape recorded for a single representative olive
leaf sample from the Chianti—Siena region. Two main fluorescence emission regions can be detected:
the first one (Region A) presents excitation and emission wavelengths in the range 300— 700 and 650—
750 nm, respectively, while the second area (Region B) has excitation wavelengths from 250 to 400

nm and emission wavelengths from 370 to 530 nm.
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Figure 48. Processed full excitation—emission fluorescence map of olive leaves. The green area represents the
chlorophylls’ region (Region A), and the red area corresponds to the emission region of cellular fluorophores like amino

acids, phenolic compounds, vitamins, and organic polymers (Region B).

According to the existing literature, in olive oils!%194195 fryit samples and grapevine leaf extracts®?,
the fluorescence signals in Region A are usually ascribed to the emission of chlorophylls and
pheophytins, while in Region B several fluorescent compounds may emit, like polyphenols, vitamins,
amino acids, and organic polymers. To the best of our knowledge, this is the first work reporting the
characterization of olive leaves’ emission profiles via EEM fluorescence spectroscopy. Since
chlorophylls may affect the performance and reliability of the models because of their high
fluorescence intensity and high variability (mainly due to different cultivars and climatic conditions)
the two emission regions were analyzed separately!%6-107,

The excitation and emission loadings’ profiles obtained through PARAFAC decomposition for

Region A and B are shown in Figure 49A and B while the assignment of fluorescent compounds

corresponding to the emission patterns in olive leaf samples is summarized in Table 25.
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Figure 49 A. Sample, excitation and emission PARAFAC loadings for the olive leaves samples in spectral Region A.
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Figure 49 B. Sample, excitation and emission PARAFAC loadings for the olive leaves samples in spectral Region B.



Table 26. Fluorescent properties of compounds detected in olive leaves and drupes.

Analyzed Fluorescence Compound Excitation Wavelength Emission Wavelength
Matrix Region (nm) (nm)
Leaves Region A Chlorophyll a 430, 670 675

Pheophytin a 410, 660 670

Chlorophyll b 460, 650 665

Region B Chlorogenic acid 320 435

Phenolic compounds 280 <370

Tocopherols 360 465

Drupes Full map Catechin/epicatechin 280 315
Tocopherols 340 450

Phenolic compounds 230 310

For Region A, a three-component PARAFAC model was found to produce the most accurate results:
the three different contributions can be ascribed to the presence of chlorophyll a, chlorophyll b, and
pheophytin a, respectively, in agreement with previous works®?-1% For Region B, the optimal number
of components was three: the first one exhibits a well-defined band with an excitation maximum at
320 nm and an emission maximum at 435 nm, which can be related to the presence of chlorogenic
acid and related compounds®*!%°. The second component shows a single excitation maximum at 280
nm, while the emission band is only partially visible since the maximum is located below 370 nm,
outside the investigated wavelength range. Nevertheless, this component can be assigned to the
fluorescence profile of phenolic compounds, as extensively reported in the case of olive oil''-111-112,
For the third component, the excitation and emission maxima occur at 360 and 465 nm, respectively,
and these bands are commonly associated with the presence of tocopherols and tocotrienols!!2.

The concentration mode (score plots) of the PARAFAC model is reported in Figure 49 A and B to
show the relative concentrations of the different classes of fluorophores for each sample. For Region
A, the concentration of the first two components, which corresponds to chlorophyll a and pheophytin
a, 1s higher than pheophytin b, despite major fluctuations across the dataset. For Region B, the most
abundant fluorescent component is chlorogenic acid, followed by phenolic compounds and
tocopherols, respectively. For geographical authentication purposes, the chlorophyll region (Region
A) was excluded from the PCA and SIMCA analysis, since the chlorophylls’ content and the

consequent fluorescent emission profile can be remarkably affected by different climatic conditions™.

The PCA exploratory analysis performed on the EEM data from Region B (Figures 50 and 51)



indicates a limited separation among the three regions: while the samples from Chianti—Siena show

a partial clustering, a considerable overlap with Grosseto and Val d’Orcia is observed.
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Figure 50. 3D PCA score plot for EEM (Region B) data of the olive leaves samples
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Figure 51. PCA loading plot for EEM (Region B) data of the olive leaves samples (a) and 2D score plots: PC1 vs
PC2 (b), PC1 vs PC3 (c) and PC2 vs PC3 (d).

The loading vectors were refolded into EEM-like tridimensional data to identify the regions of the
EEM that give the major contributions in the PCA model. The analysis of the refolded loadings
revealed that the most relevant excitation—emission wavelength couples are centered around 280/370
nm, corresponding to the fluorescence profile of polyphenols. This result provides confirmation about

the importance of these compounds as markers for geographical authentication, as reported in



previous studies®?2. A secondary contribution is given by excitation—emission signals at 330/435 nm
(chlorogenic acid), while tocopherols and tocotrienols do not provide significant contributions.

The classification results obtained from the SIMCA model on Region B are summarized in Table 25,
while the distance plot is reported in Figure 52.

SIMCA results show a predictive performance in the test set comparable to that of the 'H NMR model,
although slightly lower performance metrics are observed in the calibration set. In particular, the
SIMCA model can effectively discriminate between the Chianti—Siena and Val d’Orcia areas, as
evidenced by the sharp differences in the distance plot. The loadings analysis confirms the results
obtained via PCA, indicating polyphenols and chlorogenic acid fluorescence emissions as the most

relevant contributions for the geographical differentiation.

na - normalised distance
®

Chianti - Siena - nomalised distance

Chianti - Sie

0 5 10 15 20 25 30 o 5 10 15 20 25 a0
samples samples

Figure 52. SIMCA normalized distances from EEM data of the olive leaves samples for the modelled Chianti — Siena

region. The right panel shows a magnified view of the distance distribution.

1.3.2 Drupes, '"H NMR and EEM Fluorescence Spectroscopy Single-
Technique Approach

As in the case of olive leaves, the drupe extracts show a very complex NMR profile due to the
presence of multiple metabolites with similar or overlapping signals. The '"H NMR spectrum of a
sample from the Chianti—Siena region reported in Figure 44 is a good example of a typical olive

drupes’ extract. The detailed chemical shifts assignment is listed in the Table 27.



Table 27. Chemical shifts assignment of olive drupes’ extract.

d (ppm) Assignment Reference
7.68 Quercetin (d, J = 2.2 Hz, H-2") [8]
7.54 Verbascoside (m) [9]
7.52 Oleuropein (s) [3,4]
7.32 Luteolin (m) [10]
7.01 Verbascoside (dd, Ji= 8.2 Hz, J.= 2.0 Hz, H6"”) [9]
6.85 Luteolin (d, J = 9.0 Hz, H-5") [10]

DHPEA-EDA (dihydroxyphenylethanolelenolic acid

6.74—6.78 dialdehyde)/Oleocanthal/Oleomissional (m) [11]
6.73 Oleuropein (s) [3,4]
6.71 Oleuropein (d, J =2 Hz) [3,4]
6.63 Verbascoside (m) [9]
6.61 Verbascoside (m) [9]
6.59 Hydroxytyrosol (d, ] = 2 Hz) [12]
6.31 Verbascoside (d, J = 15.8 Hz) [9]
6.07 Oleuropein (g, J = 6.94 Hz) [3,4]
5.89 Oleuropein (s) [3]

5.19-5.22 Maslinic and oleanolic acid (m) [13]
5.15 Verbascoside (m) [9]
4.52 Anomeric proton of b-glucose (d, J =7.91 Hz) [2]
4.07 Lactic acid (m) [14]
3.83 Mannitol (dd, Ji=11.43 Hz, J.=3.32 Hz) [5,6]
3.79 Mannitol (d, J = 8.11 Hz) [5,6]

3.73-3.68 Mannitol (m) [5,6]

3.65 Mannitol (dd, Ji=11.16 Hz, J>= 6.06 Hz) [5,6]

3.54-3.14 Glucose and sucrose [3.,4]
2.84 Maslinic and oleanolic acid (dd, Ji= 14.0 Hz, J.= 4.1 Hz) [13]
2.76 Oleuropein (m) [3.,4]
2.69 Oleuropein (d, J = 4.64 Hz) [3.,4]




2.64 Tyrosol (m) [14]
2.61 Hydroxytyrosol (m) [12]
2.40 Succinic acid (s) [3]
2.36 -2.31 Malic acid (m) [3,5]
1.95-1.86 Quinic acid (m) [6]
1.85 Acetic acid (s) [9]
1.61 Oleuropein (m) [3,4]
1.32 Lactic acid (m) [3,6]
1.13 Maslinic and Oleanolic acid (s) [7]
1.07 Verbascoside (d, ] = 6.3 Hz) [9]
0.97 Oleanolic acid (m) [7]
0.96 Maslinic acid (s) [7]
0.93 Maslinic and oleanolic acid (s) [7]
0.89 Maslinic and oleanolic acid (s) [7]
0.81 Maslinic acid (s) and oleanolic acid (s) [7]
0.77 Maslinic and oleanolic acid (s) [7]

The 'H NMR profiles of the drupe extracts share some similarities with the spectra obtained from the
leaves: several intense signals related to sugars (glucose, sucrose, and mannitol) are clearly
observable between 3 and 4.5 ppm, while the characteristic peaks of oleuropein are detected at 7.52,
6.70, 5.90-6.00, 2.70, and 1.61 ppm. In the range between 5 and 8 ppm the most intense signals are

attributed to the presence of verbascoside, quercetin and luteolin!!3-114-113

, while in the aliphatic region
the characteristic resonances of maslinic and oleanolic acid!'® (0.77-1.13 ppm) along with other
different organic acids as lactic (1.32 ppm), acetic (1.85 ppm), quinic (1.86—1.95 ppm), malic (2.31—
2.36 ppm), and succinic (2.40 ppm) acids can be detected'!’.

Exploratory PCA (Figure 53 and 54) does not reveal any significant clustering or separation in the
sample distribution according to their geographical origin. This can be attributed to the greater

chemical complexity of the drupe matrices, which may hinder the ability of unsupervised methods to

capture the geographical-related variance.
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Figure 53. 3D PCA score plot for 'H NMR data of the olive drupes samples.
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Figure 54. PCA loading plot for 'H NMR data of the olive drupes samples (a) and 2D score plots: PC1 vs PC2 (b), PC1
vs PC3 (¢) and PC2 vs PC3 (d).

In contrast, as evidenced in the previous section, PCA of leaf extracts (Figure 45) shows a more

structured distribution of the samples and a partial differentiation, suggesting a clearer relationship

between metabolic composition and the geographic origin.

Subsequently, the 'H NMR signals were used as input for SIMCA to build a classification model for

the Chianti—Siena area. The performance metrics are listed in Table 25, while the distance plot is

reported in the Figure 55.
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Figure 55. SIMCA normalized distances from EEM data of the olive drupes samples for the modelled Chianti — Siena
region.
The model shows good overall classification performances, with slightly lower values for the test set.
From the comparison with the results obtained for the different vegetable matrices, SIMCA modeling
based on 'H NMR data seems to provide a more accurate classification for the Chianti— Siena
subregion for olive leaves.
The analysis of the loadings obtained from the SIMCA models for the drupe samples evidences that
the most relevant contributions in terms of spectral buckets to the geographical classification models
are provided by the signals at 1.13 (maslinic and oleanolic acid), 1.31-1.35 (malic acid), 1.80-2.00
(quinic acid), 2.65-2.75 (oleuropein, malic and citric acid), and 3.66-3.82 ppm (mannitol and
oleuropein). The comparison with the loading results obtained for leaf samples reveals two
noteworthy aspects: firstly, a strong correspondence exists between the metabolites primarily
responsible for the classification performance of the models in both leaves and drupes. Secondly,
organic acids play a predominant role among these metabolites, alongside specific signals from
oleuropein and sugars.
A characteristic fluorescence excitation—emission map for a representative olive drupe extract from
the Siena area is reported in Figure 56. Since the emission of chlorophylls and related compounds
may negatively affect the chemometric models for geographical origin authentication, the EEM

landscapes were acquired by excluding the pigment emission region.



550 120

100

250

200 250 300 350 400 450
Ex. (nm)

Figure 56. Processed full excitation—emission fluorescence map of olive drupes.

From a visual inspection of the fluorescence maps, three distinct emission areas can be detected, with
excitation—emission maxima located at 220/310, 280/315 and 340/450 nm. The PARAFAC modeling
confirmed the identification of three major classes of fluorescent components, as shown in Figure

57.
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Figure 57. Sample, excitation and emission PARAFAC loadings for the drupe samples.

The first component (Aex = 280 nm; Aem = 315 nm) can be ascribed to the presence of phenolic
compounds like catechin and epicatechin!'®, while the second component with characteristic Aex
values of 340 nm and Aem of 450 nm, can be associated with tocopherols and tocotrienols, similarly
to the case of leaf samples. The third component shows an intense emission located at 310 nm, with
an excitation maximum at 230 nm: these spectral features cannot be unambiguously assigned to
specific fluorophores since several phenolic compounds may contribute to the overall emission in

this wavelength range!'”. Among these compounds, oleuropein exhibits a well-defined emission band



at 310 nm, although in the case of olive oil, the excitation maximum occurs at higher wavelengths
(270 nm). The PARAFAC score plot reported in the Figure 57 shows that catechin and epicatechin
are the most abundant fluorescent compounds across the entire dataset, followed by tocopherols,

tocotrienols, and polyphenols/oleuropein.

Exploratory PCA performed on the unfolded EEM fluorescence data of olive drupe extracts (Figure
58 and 59) reveals a high degree of overlap among the samples from the three geographical regions:
a partial clustering along the PC2 can be observed for Val d’Orcia and, to a lesser extent, for Grosseto

areas, while the samples from Chianti—Siena region are more scattered.
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Figure 58. 3D PCA score plot for EEM data of the olive drupes samples.
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Figure 59. PCA loading plot for EEM data of the olive drupes samples (a) and 2D score plots: PC1 vs PC2 (b), PC1 vs
PC3 (c) and PC2 vs PC3 (d).

The SIMCA model built for the Chianti—Siena area shows slightly reduced classification
performances in both the training and test sets compared to the results obtained with 'H NMR data
on drupe extracts, as well as to those achieved for the leaf samples (see Table 24 and Figure 60).
This can be attributed to the more complex chemical composition of the drupe’s matrix, which limits

the ability of EEM fluorescence spectroscopy to reflect region-specific characteristics.

The examination of the refolded loadings on the principal components demonstrates that the major
contributions to the model are provided by the excitation—emission wavelength couples centered at

280/315 nm and 340/450 nm, related to catechin/epicatechin and tocopherols, respectively.
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Figure 60. SIMCA normalized distances from EEM data of the olive drupes samples for the modelled Chianti — Siena

region.



1.3.2 Data Fusion

To further improve the sample differentiation and gain a deeper understanding of the specific
contributions provided by the two spectroscopic techniques, the application of a mid-level data fusion
based on the ComDim algorithm is explored. As an unsupervised multiblock method, ComDim does
not require prior knowledge of the geographical origin of the samples, allowing for an objective
integration of complementary information from multiple datasets while preserving the intrinsic data
structure.

As described in the Materials and Methods Section, the individual data blocks from 'H NMR and
EEM are normalized and concatenated, and then the common dimensions (CD) are extracted. The
score plot of the first 3 CDs is reported in Figure 61, while for a comprehensive visualization of all
the CDs, see Figure 62. For each CD, the saliences and loadings are calculated and shown in Figure

63.
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Figure 61. Three-dimensional ComDim score plot for the merged dataset of the olive leaf samples.
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Figure 62. ComDim salience plot for the leaves samples (a) and 2D ComDim score plots: CD1 vs CD2 (b),
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Figure 63. ComDim loadings for the 'H NMR (left panel) and EEM block (right panel) for each Common Dimension
calculated for the olive leaves dataset. The EEM loadings are reported as a function of the folded original variables, i.e.

excitation x emission wavelengths.

A 3-CD model is computed from the ComDim analysis, accounting for 97.9% of the total variance.
The analysis of the saliences evidences that the 'H NMR and EEM blocks provide the major
contribution to CD1 and CD2, respectively, while in CD3, the two blocks are almost equivalent. The
implementation of the ComDim algorithm on the merged leaves datasets leads to a clear
differentiation of the samples in three distinct clusters, as evidenced in Figure 61. The samples from
the Chianti—Siena area are well separated from those belonging to Grosseto-Val d’Orcia: the data
fusion approach brings about a significant improvement if compared to the individual techniques, in
which PCA shows a partial differentiation with a consistent overlap among the different subregions.
Nevertheless, despite the improved clustering, a complete separation between Grosseto and Val
d’Orcia cannot be achieved.

A detailed investigation of the loadings (Figure 63) allows for the identification of the metabolites
that are responsible for the geographical origin differentiation. Oleuropein signals at 1.64 and 3.71
ppm, followed by mannitol (3.81 ppm), and oleanolic and maslinic acids (0.90-0.97 ppm) provide
the most relevant contributions to the '"H NMR block. For the EEM data, the primary contributions
arise from phenolic compounds (excitation at 250-280 nm and emission < 370 nm), with a secondary
contribution from chlorogenic acid (exc./em. 320/435 nm).

A similar mid-level data fusion approach was followed for the investigation of the olive drupe
samples. The score plot of the first 3 CDs is reported in Figure 64, while the 2D score plots along

with the calculated saliences and loadings are shown in Figure 65 and 66.
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Figure 66. ComDim loadings for the 'H NMR (left panel) and EEM block (right panel) for each Common Dimension
calculated for the olive drupes dataset. The EEM loadings are reported as a function of the folded original variables, i.e.

excitation x emission wavelengths.

A 3-CD model was computed, accounting for 94.7% of the total variance. The analysis of the
saliences (Figure 65) highlights an almost equal contribution of the two analytical techniques to CD1,
while the 'TH NMR block becomes predominant in CD2 and CD3. The 3D score plot (Figure 64)
reveals a significantly improved geographical differentiation compared to the results obtained from

the single-block PCA approach. While the unsupervised analysis of the 'H NMR and EEM data



showed limited or no clear clustering according to geographical origin, the ComDim model highlights
a distinct grouping of the samples from Chianti—Siena, Grosseto, and Val d’Orcia.

The investigation of the loadings plots (Figure 66) evidences that the most relevant contributions in
terms of '"H NMR signals to the different CDs are provided by the resonances located at 3.67-3.80,
2.72, 1.96, 1.32, and 1.13 ppm, corresponding to mannitol, oleuropein, quinic, lactic, maslinic and
oleanolic acids, respectively. For the EEM block, the refolding of the loadings reveals that the most
relevant excitation—emission wavelength couples are centered around 340/440 nm, corresponding to
the fluorescence profile of tocopherols, while a secondary contribution is given by excitation—
emission signals at 230/310 nm, related to phenolic compounds.

Building on the exploratory insights provided by the ComDim score plots, a class-modeling strategy
was implemented to assess the ability of the combined spectroscopic information to discriminate the
samples from the Chianti—Siena subregion. In particular, a one-class classification model was
developed by integrating the ComDim multiblock outputs into a SIMCA-like framework. The model
performance metrics are listed in Table 28, while the distance plots for leaves and drupes are reported

in Figure 67.

Table 28. Classification performances obtained with the combined ComDim-based SIMCA approach for the 'H NMR

and the EEM fluorescence data of the olive leaf and drupe extracts for the Chianti—Siena area.

ComDim-Based SIMCA Multiblock Model for Chianti—Siena Region

Training Test
Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity Explained
(%) (%) (%) %) %) (%) Variance (%)
Leaves 84 83 86 83 100 50 95
Drupes 86 90 73 90 100 50 93
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Figure 67. Reduced distances calculated from the ComDim-based SIMCA multiblock model for the leaves (a) and

drupes (b) drupes samples for the Chianti — Siena region.

As the analysis of leaves is concerned, the data-fusion approach did not apport a significant
improvement to separate SIMCA models, which already showed good performances, especially the
one built on "TH NMR data. On the other hand, in the analysis of the geographical origin of drupes,
the data-fusion approach allowed for boosting the performance of the models obtainable from the
single datasets.

In fact, in terms of accuracy, the multiblock classifier method leads to a significant improvement if
compared to EEM-SIMCA, while the performances are similar with respect to the individual "H NMR
model. In the test set, the data fusion approach outperforms both the individual models in the training
set, achieving the highest overall value of 90%. Sensitivity significantly benefits from data fusion,
showing a remarkable increase, particularly in the test set. However, specificity remains modest: this
outcome reflects both the intrinsic complexity of the drupe matrix and the challenge of discriminating
closely related geographical areas, where similar compositional profiles can limit class separation
despite the advantages of multiblock integration.

These results confirm that the integration of "H NMR and fluorescence data can lead to a more robust
classification model and improved classification performance compared to single-block approaches,
albeit with some limitations. This enhancement is not general but rather matrix dependent, with

clearer benefits observed in the case of olive drupes.

1.4 Conclusions



This study highlights the potential of 'H NMR and EEM fluorescence spectroscopy in combination
with single- and multi-block chemometric methods for the geographical authentication of olive leaves
and drupes. Individually, each technique provided robust classification results, with 'H NMR
demonstrating its strength in identifying key metabolites that provide the major contribution to
geographic origin differentiation, such as secoiridoids and organic acids. This is particularly evident
in the case of olive leaves, where the SIMCA modeling provides excellent classification performances
for the investigated geographical area. Similarly, through EEM fluorescence spectroscopy, the
fluorescence profiles of the different matrices can be effectively characterized by identifying classes
of emitting compounds like tocopherols, polyphenols, and chlorogenic acid, which can be used as
distinct markers for sample classification.

A key novelty of this work is the application of EEM fluorescence spectroscopy for the geographical
origin authentication of olive drupes and leaves, an approach that, to the best of our knowledge, has
not been previously reported. The three-dimensional spectral data can be refolded and effectively
used as inputs for chemometric models to discriminate between subregional areas, providing a
powerful alternative for food and vegetable matrices authentication. This novel application of a
relatively simple and low-cost technique, such as EEM fluorescence (especially, if compared to
NMR), expands the analytical possibilities for olive product classification, offering a complementary
tool alongside NMR-based metabolic profiling.

This is particularly evident, also looking at the most relevant result of the present study, i.e., the
integration of these techniques through data fusion further enhanced the sample differentiation by
leveraging the complementary strengths of each method. Multivariate statistical analysis based on
multi-technique datasets is still relatively unexploited in the field of geographical assessment of fruit
and plant matrices related to agrifood products. Here, the data fusion approach, which was based on
the ComDim algorithm, allowed for an enhanced sample visualization at an exploratory level, and
improved the robustness of classification models when combined with SIMCA into a multiblock one-
class modeling strategy, especially for the drupe samples. In this case, in fact, the SIMCA model
computed on individual datasets presented some limitations, which were significantly overcome with
the inclusion of both spectroscopic data, using the aforementioned multi-block approach. This result
emphasizes the importance of evaluating data fusion not as a universal improvement, but as a matrix-
and context-dependent strategy with the potential to enhance model robustness when single-block
approaches fall short.

Overall, this comprehensive approach underscores the value of combining advanced spectroscopic

techniques with chemometric tools for food authentication.



Nonetheless, it should be acknowledged that the present study is based on an exploratory sampling
design involving three subregions within Tuscany, Italy. While this provides a solid and controlled
framework for assessing classification performance at the subregional level, the scope is primarily
focused on feasibility rather than broad generalizability. The classification models developed herein
have demonstrated their effectiveness within this localized context; however, their extension to wider
geographical areas or different countries will require further validation. This is particularly relevant
given that the chemical profiles of olive matrices are known to be influenced by several environmental
and agronomic factors, including harvest time, climate conditions, soil characteristics, and cultivation
practices.

Future studies will aim to extend the analysis to the final products, i.e., olive oils, and further refine

these methodologies to address current limitations and strengthen the models’ predictive ability.
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