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Abstract

Golgi phosphoprotein 3 (GOLPH3), also known as GPP34, GMx33, or MIDAS, is a Golgi apparatus-
associated protein involved in regulating fundamental cellular processes, including tumor cell
proliferation, migration, and metabolism. Numerous studies have highlighted its overexpression in
various solid tumors, including lung, breast, prostate, and colon cancer, identifying GOLPH3 as a
promising therapeutic target. In this context, suppression of GOLPH3 by RNA interference (RNA1)
represents an effective therapeutic strategy. In this context, the development of efficient,
biocompatible, and tunable delivery systems is therefore essential to fully exploit the therapeutic
potential of RNA.

To this end, this thesis focused on the development and characterization of polymeric nanosystems
for the targeted delivery of anti-GOLPH3 siRNA in prostate cancer. Two nanoparticle platforms were
investigated. The first consists of poly(lactic-co-glycolic acid) (PLGA) nanoparticles functionalized
with imidazolium-based ionic liquids (ILs), selected for their tunable amphiphilicity, cationic
character, and ability to modulate nanoparticle—cell interactions. Following a comprehensive
screening, formulations containing 1-hexadecyl-3-methylimidazolium chloride (C16ImCl) and 1-
decylecyl-3-methylimidazolium chloride (C10ImCl) were selected, obtaining PLGA-C16 and
PLGA-C10 nanoparticles. The second platform developed in this work consisted of hybrid
nanoparticles obtained by conjugating PLGA with linear polyethylenimine (PEI), termed LGIP,
formulated at two different polymer/siRNA ratios (LGIP-1 and LGIP-10), in order to evaluate the
influence of the PEI content on the system properties and biological efficacy. All nanosystems were
thoroughly characterized in terms of size, morphology, surface charge, colloidal stability, siRNA
loading and release profiles.

In vitro studies demonstrated that all formulations exhibited a good biocompatibility profile in both
DU145 prostate cancer cells, and in healthy PNT2 prostatic epithelial cells. Cellular uptake and
intracellular trafficking analyses revealed that nanoparticle surface chemistry strongly influences
internalization kinetics and endocytic pathways. In particular, PLGA-C16 nanoparticles exhibited
rapid and efficient uptake, predominantly via clathrin-mediated endocytosis at low concentrations,
while PLGA-C10 nanoparticles showed slower internalization and a greater reliance on
micropinocytosis at higher doses. LGIP nanoparticles displayed delayed but sustained cellular uptake
involving multiple endocytic routes. Functional wound healing assays confirmed that effective
silencing of GOLPH3, mediated primarily by PLGA-C16 nanoparticles and to a lesser extent by
LGIP-1, results in significant inhibition of tumor cell migration. Finally, in three-dimensional (3D)
models of tumor spheroids highlighted, the differential effect of PLGA-C16 and PLGA-C10

suggested that the alkyl chain length of ionic liquids influences spheroid morphogenesis and
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interaction with nanoparticles, underscoring the importance of nanosystem composition in more
physiologically relevant contexts. Overall, this work demonstrates that rational modulation of
nanoparticle surface chemistry through ionic liquid functionalization or polymer conjugation
critically determines cellular uptake mechanisms, intracellular fate, and gene silencing efficacy.
These findings support the potential of PLGA-ILs and LGIP nanoparticles as versatile and effective
non-viral platforms for siRNA delivery and provide valuable design principles for the development

of advanced RNAi-based therapeutic strategies targeting oncogenic pathways in cancer.
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1. Introduction

1.1 Cancer: A complex and multifactorial disease

Cancer is a major cause of morbidity and mortality globally and poses one of the most significant
challenges for modern healthcare systems. According to data from the World Health Organization
(WHO), approximately 10 million deaths attributable to cancer were recorded in cases of cancer
diagnosed in the same year worldwide [1].Epidemiological projections indicate a further and
worrying increase in a global incidence, with an estimated 35.5 million new cases per year by 2050,
equal to an increase of over 70% compared to current data [2]. This increase is attributable to several
factors, including population aging, changes in lifestyle, exposure to environmental factors and the
increased prevalence of oncogenic risk factors [3]. From biological point of view, cancer is a complex
disease characterized by uncontrolled cell growth and abnormal proliferation of cells that escape the
normal regulatory mechanism of the cell cycle, apoptosis and DNA repair [4].

Under physiological conditions, these mechanisms ensure the maintenance of tissue homeostasis and
prevent the accumulation of genetically damaged cells. Their alteration instead leads to a disordered
proliferation, which culminates in the formation of tumors with the ability to invade surrounding
tissues and spread to distant organs through the process of metastasis, significantly complicating
treatment and worsening the prognosis of patients. The development and progression of cancer are
driven by the accumulation of genetic and molecular alterations that compromise the balance between
proliferative and antiproliferative signals [5] .In particular, activating mutations in oncogenes, such
as RAS, MYC and PI3K, determine the constitutive activation of signaling pathways involved in
growth, survival and cell division, allowing tumor cells to proliferate even in the absence of
extracellular stimuli. In parallel, inactivating mutations in tumor suppressor genes, such as TP53,
RB1 and PTEN, lead to the loss of key mechanisms controlling the cell cycle, apoptosis induction
and genomic surveillance, allowing the survival and clonal expansion of damaged cells [6]. A further
fundamental contribution to tumorigenesis comes from defects in DNA repair systems. Mutations in
key genes involved in these processes, including BRCA1, BRCA2, MSH2 and MLH1, determine an
increase in genomic instability, favoring the progressive accumulation of further mutations and
chromosomal rearrangements that accelerate tumor evolution. These alterations can be hereditary,
transmitted at the germinal level, or acquired during life following exposure to environmental and
behavioral factors, such as ionizing radiation, carcinogenic chemicals, cigarette smoking, oncogenic
viral infections and oxidative stress [7].The combination of these genetic and molecular events
determined the acquisition of a neoplastic phenotype characterized by autonomous proliferation,

resistance to cell death, uncontrolled angiogenesis by the high intra-and iter tumor heterogeneity,
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which translates into highly variable therapeutic response and represents one of the main obstacles to
the effectiveness of conventional oncological therapies [1].Consequently, the need to the develop
personalized therapeutic approaches, able to take into account the molecular specificities of each
tumor, emerges. For these reasons, contemporary oncology research is increasingly oriented towards
the identification and understanding of the molecular mechanism that regulate tumor growth and
progression, with the aim of developing targeted and precision therapeutic strategies [8].In this
context, the identification of new molecular targets and the development of innovative approaches,
such as gene silencing by RNA interference and the use of advances gene delivery systems, represent
promising prospects for improving therapeutic efficacy and reducing systematic toxicity associates

with antitumor treatments [9].

1.2 GOLPH3: An emerging oncogene

Large-scale genomic analyses of multiple human tumors have identified GOLPH3, along with its
interaction partners MYO18A and Phosphatidylinositol Transfer Protein, Cytoplasmicl (PITPNC1),
as key components involved in oncogenic transformation. In particular, GOLPH3 has emerged as one
of the most frequently amplified genes in solid tumors. Genome mapping studies have identified a
minimal amplification region on chromosome 5p13 containing four genes, of which only GOLPH3
showed a clear correlation between copy number and expression levels. Furthermore, its silencing
caused a marked reversion of the transformed phenotype in cultured cells, confirming its direct
oncogenic function [10].GOLPH3 amplification has been reported in several cancer types, including
lung (56%), prostate (37%), breast (32%), pancreatic (33%), colon (24%), and ovarian (37%) cancer,
underscoring its broad trans tumor relevance. In addition to promoting tumor growth, GOLPH3 also
contributes to cell migration and invasion, two critical processes involved in the formation of
metastases [11].The functional GOLPH3-MYOI18A—PITPNCI complex orchestrates multiple
aspects of neoplastic behavior. MYO18A is a key determinant of tumor cell motility and invasion,
particularly in breast and prostate cancer. PITPNCI, a Golgi-localized phosphoinositide transfer
protein, increases metastatic potential in breast, colon, and melanoma cancers, while its silencing
results in Golgi compaction and functional disruption of the GOLPH3 complex [12]. Collectively,
these findings indicate that GOLPH3 constitutes the functional core of a Golgi-localized oncogenic
complex whose altered activity promotes cell growth, migration, and dissemination. In recent years,
altered GOLPH3 expression has been reported in a wide variety of tumors, supporting its conserved
oncogenic role across all malignancies. Amplification or overexpression of GOLPH3 is associated
with increased tumor aggressiveness, therapeutic resistance, and a poor prognosis [13].Figure 1

illustrates GOLPH3 mRNA expression in different tumor types, revealing low tumor specificity but
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consistently elevated expression in several malignancies, including lung, breast, and prostate cancer,
consistent with its widespread oncogenic activity. Among the tumors in which GOLPH3 is
dysregulated, prostate cancer and non-small cell lung cancer (NSCLC) deserve particular attention
due to their high incidence and clinical impact. In prostate cancer, GOLPH3 overexpression has been
linked to increased tumor aggressiveness through modulation of the AKT/mTOR pathway, a central
signaling cascade that regulates cell growth and survival. This activation promotes cell proliferation,
reduces apoptosis, and contributes to resistance to chemotherapy and hormonal therapy in advanced
disease. Furthermore, GOLPH3 controls the structure of the Golgi apparatus and vesicular trafficking,
facilitating the secretion of growth factors involved in tumor migration and invasion, key
characteristics of metastatic prostate cancer. Similarly, in NSCLC, GOLPH3 overexpression drives
tumor progression through activation of the AKT/mTOR axis, promoting proliferation, invasion, and
angiogenesis. High GOLPH3 expression is associated with poor prognosis, advanced disease stage,
and increased VEGF-mediated angiogenic activity, likely resulting from secretory alterations
dependent on Golgi apparatus rearrangement[14]. Overall, these data establish GOLPH3 as a crucial
molecular player in cancer progression, acting both as a structural regulator of the Golgi apparatus

and as a signaling modulator that enhances tumor survival, invasion, and therapeutic resistance.
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Figure 1. GOLPH3 RNA expression levels across a range of tumor types. A box plot showing GOLPH3 RNA
expression levels across a range of tumor types, indicating low tumor specificity but consistently high expression in
several malignancies, including lung, breast, and prostate cancer. These data support a widespread oncogenic role for

GOLPH3.
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1.3 The Golgi apparatus and GOLPH3 in cancer biology

The Golgi apparatus is a central organelle responsible for the post-translational modification, sorting,
and trafficking of proteins and lipids within the cell [15]. By coordinating processes such as
glycosylation and vesicle-mediated transport, the Golgi plays a fundamental role in maintaining
cellular homeostasis and regulating signal transduction pathways [16]. Vesicular trafficking from the
Golgi is essential for the correct localization of receptors, signaling molecules, and secreted factors.
Through tightly regulated anterograde and retrograde transport, the Golgi controls the spatial and
temporal activation of signaling cascades involved in cell growth, migration, and survival. Disruption
of these processes can lead to aberrant signal amplification and sustained oncogenic signaling [6].
In recent years, increasing evidence has linked Golgi dysfunction to cancer development and
progression. Alterations in Golgi structure, trafficking dynamics, and lipid composition have been
associated with enhanced proliferation, invasiveness, and metastatic potential [15]. Collectively,
these findings support a revised view of the Golgi apparatus as an active contributor to oncogenic
signaling networks rather than merely a passive trafficking station. Golgi phosphoprotein 3
(GOLPH3), also known as GPP34, GMx33, or MIDAS, is a ubiquitously expressed protein
predominantly localized to the Golgi apparatus. It was initially characterized for its role in
maintaining Golgi structure and regulating vesicle trafficking, functions that are essential for normal
cellular physiology [11].

GOLPH3 has recently gained increasing attention for its involvement in oncogenic processes. The
discovery of the role of GOLPH3 in cancer dates back to studies that have highlighted its gene
amplification and overexpression in several types of solid tumors, including lung cancer, breast
cancer, hepatocellular carcinoma, gastric carcinoma and prostate cancer[17]. Overexpression of
GOLPH3 is frequently associated with an unfavorable clinical prognosis, related to increased tumor
aggressiveness, resistance to chemotherapy and increased metastatic capacity [10]. Overall, these
findings identify GOLPH3 as an important oncogenic driver and a promising therapeutic target,
whose modulation could represent an effective strategy to counter tumor progression and cancer

aggressiveness.

1.3.1 The role of GOLPH3 in the Golgi apparatus
The localization of GOLPH3 to the Golgi membrane is mediated by its ability to bind to
phosphatidylinositol 4-phosphate (P14P), a highly enriched phospholipid at the Golgi transmembrane

[10].The production of PI4P at the trans-Golgi membrane relies on the activity of a
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phosphatidylinositol 4-Kinase (PI-4-kinase), which require the delivery of phosphatidylinositol 4-
phosphate by phosphatidylinositol transfer proteins (PITPs).

By recognizing PI4P, GOLPH3 is selectively recruited to Golgi cisternae, where it functions as a lipid
effector protein that translates membrane lipid composition into downstream mechanical and
trafficking events [18]. This interaction is essential for the maintenance of Golgi structure and for the
regulation of vesicle formation, maturation, and directional trafficking toward the plasma membrane
and other intracellular compartments. In addition to binding PI4P, GOLPH3 interacts closely with
the unconventional myosin, myosin XVIIIA (MYO18A), a motor protein that associates with
filamentous actin (F-actin). Through this interaction, GOLPH3 establishes a physical and functional
link between the Golgi membrane and the actin cytoskeleton [19] (Figure 2).
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Figure 2. Role of GOLPH3 in the Golgi apparatus and tumorigenesis. GOLPH3 interacts with PI4P and MYO18A,
linking the Golgi apparatus to the actin cytoskeleton (F-actin) and generating the tensile forces required for vesicle

trafficking and maintenance of the Golgi ribbon structure [18].

The formation of the PI4P/GOLPH3/MYO18A/F-actin complex enables the transmission of actin-
generated mechanical forces to the Golgi apparatus, generating tensile stress along Golgi membranes.
This mechanical tension is critical for efficient vesicle budding, membrane tubulation, and vesicle

fission processes, which collectively support dynamic Golgi trafficking [18].
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The coordinated action of PI4P binding and actomyosin coupling allows GOLPH3 to regulate Golgi
ribbon architecture and cisternal morphology. In addition, the PI4P/GOLPH3/MYO18A axis ensures
proper protein processing, post-translational modification, secretion, and intracellular transport,
thereby maintaining cellular homeostasis and supporting normal signaling dynamics [18]. Disruption
of any component of this complex (e.g., PI4P availability, GOLPH3 expression, MYO18A function,
or actin integrity results in Golgi compaction, altered cisternal curvature, and impaired vesicular
trafficking.

Indeed, exposure of mammalian cells to agents that induce DNA double-strand breaks, such as
ionizing radiation, camptothecin, or doxorubicin, has been shown to activate a DNA damage-
dependent signaling pathway involving DNA-dependent protein kinases (DNA-PK). DNA-PK-
mediated phosphorylation of GOLPH3 enhances its interaction with MYOI18A and the actin
cytoskeleton, thereby increasing the tensile force applied to the Golgi apparatus. This process causes
a marked alteration in the morphology of the Golgi, from the typical perinuclear ribbon to a
fragmented, punctuated structure dispersed throughout the cytoplasm (Figure 3). These data suggest
that the activation of the DNA-PK—dependent signaling cascade represents a critical link between
DNA damage and Golgi apparatus remodeling. Phosphorylation of GOLPH3 and its enhanced
interaction with MYO18A and the actin cytoskeleton translate genotoxic stress into mechanical forces
that disrupt Golgi architecture, leading to its fragmentation and cytoplasmic dispersion. This Golgi
remodeling response is increasingly recognized as an adaptive mechanism that supports cell survival
under stress conditions, while also contributing to tumor progression and resistance to therapy,

highlighting the central role played by GOLPH3 as a relevant target for therapeutic strategies [20].
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Figure 3. Role of GOLPH3 in the DNA damage response. A) Upon DNA damage, the nuclear kinase DNA-PK is
activated and promotes the phosphorylation of the effector protein GOLPH3. GOLPH3, anchored to the trans-Golgi
membrane via the phosphoinositide PI4P, acts as a molecular adaptor by recruiting the unconventional myosin MYO18A.
The interaction between phosphorylated GOLPH3 and MYO18A increases the tensile force exerted by F-actin filaments
on Golgi membranes. B) Immunofluorescence images show the reorganization of the Golgi compartment (green) relative
to the nucleus (blue, DAPI). Under basal conditions, the Golgi exhibits a compact perinuclear morphology. DNA damage
induction triggers Golgi dispersion and fragmentation throughout the cytoplasm. This structural remodeling is associated
with an enhanced survival phenotype, suggesting a critical role for this pathway in the mechanisms of chemoresistance

and tumor progression [20].

Glycosylation is one of the most critical post-translational modifications for maintaining proper
cellular function, influencing the stability, localization, and biological activity of both proteins and
lipids. This process occurs primarily in the endoplasmic reticulum (ER) and the Golgi apparatus,
where resident glycosyltransferases and glycosidases catalyze the sequential addition and removal of
sugar groups in N-linked and O-linked glycosylation reactions. Through its interaction with PI4P,
GOLPH3 also facilitates the incorporation of glycosyltransferases into Coat Protein Complex I
(COPI) vesicles, intracellular transport vesicle that mediate protein trafficking within the Golgi
apparatus and from the Golgi back to the endoplasmic reticulum, ensuring their continuous recycling

between Golgi cisternae and the maintenance of proper enzyme compartmentalization [21]. In
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addition, by coupling Golgi membranes to the actin cytoskeleton via MYO18A, GOLPH3 provides
the mechanical forces required for efficient vesicle budding and fission. This coordinated mechanism
preserves Golgi architecture, sustains glycosylation fidelity, and supports normal protein processing
and signaling.

Furthermore, this function is essential for the biosynthesis of glycosphingolipids (GSLs), crucial
plasma membrane components that modulate receptor signaling and membrane dynamics [22].

GSL synthesis begins in the ER, where ceramide synthases (CerS1-6) produce ceramide, which is
subsequently transferred to the Golgi by lipid transfer proteins such as CERT and FAPP2. In the
Golgi, ceramide is converted to glucosylceramide (GlcCer) and lactosylceramide (LacCer), which
serve as precursors for complex GSLs such as GM3 and Gb3. The spatial distribution of these
enzymes along the cis-trans axis of the Golgi determines the final composition of GSLs. Under
physiological conditions, GOLPH3 ensures the balanced recycling of these enzymes, maintaining
Golgi homeostasis and supporting the normal glycosylation of receptors involved in the
PI3K/AKT/mTOR pathway. Properly glycosylated receptors display regulated ligand binding and
controlled signal transduction, supporting cell proliferation and survival. Relevantly, GOLPH3
depletion alters Golgi architecture, enzyme trafficking, and causes incomplete receptor glycosylation,
resulting in impaired PI3K/AKT/mTOR signaling activation and reduced proliferative capacity.
Conversely, GOLPH3 overexpression increases COPI vesicle formation and causes
glycosyltransferase accumulation in the Golgi, promoting receptor hyperglycosylation. These
hyperglycosylated receptors exhibit increased affinity for growth factors and support the aberrant
activation of oncogenic pathways, particularly mTORCI1 and mTORC2, which drive uncontrolled

cell growth and survival as discussed below in paragraph 1.5 [23](Figure 4).
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Figure 4. Model of the oncogenic role of GOLPH3 in regulating GSL enzyme trafficking and activating membrane
signaling. A) In the absence of GOLPH3, the COPI vesicle-mediated retrograde recycling mechanism is compromised.
The enzymes responsible for GSL biosynthesis, no longer effectively retained in the Golgi cisternae, are transported to
the lysosomal compartment for degradation. The resulting depletion of GSL at the plasma membrane prevents the correct
assembly of receptor complexes, inhibiting the PI3K/AKT/mTOR signaling cascade and causing cell cycle arrest. B)
Under basal expression conditions, GOLPH3 ensures a dynamic balance between the anterograde transport and retrograde
recycling of GSL enzymes. This allows for an optimal plasma membrane lipid composition for physiological signal
transduction, supporting normal cell proliferation. C) Upregulation of GOLPH3 enhances the sequestration of GSL
enzymes within the trans-Golgi and the Trans-Golgi Network (TGN) via increased COPI-dependent retrograde
trafficking. This leads to an enrichment of specific GSLs (such as LacCer and Gb3) on the plasma membrane. The excess
of these lipid species promotes the clustering of surface receptors and their hyperactivation, which translates into a
constitutive mitogenic signaling mediated by AKT and mTORC1/2. This mechanism promotes evasion of apoptosis and

accelerated tumor growth [23].

1.4 GOLPH 3-mediated signaling pathways

At the molecular level, GOLPH3 contributes to tumor progression by modulating key oncogenic
signaling pathways, most notably the mechanistic target of rapamycin (mTOR) pathway. mTOR is a
central regulator of cell growth, proliferation, metabolism, and survival, and its aberrant activation is
a hallmark of many cancers. The mTOR pathway mTORC1 and mTORC?2 [17]. GOLPH3 facilitates
mTOR pathway activation through its interaction with PI4P and its role in Golgi-derived vesicle
trafficking. By influencing the localization and activation of Rag GTPases, GOLPH3 contributes to

the recruitment of mechanistic target of rapamycin complex 1 (mTORCI1) to the lysosomal surface,
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a critical site for its activation. mTORCI is a multiprotein complex composed of mTOR, Raptor,
mLSTS8, PRAS40 and DEPTOR, and acts as a central regulator of cell growth by controlling protein
synthesis, lipid biosynthesis and autophagy in response to nutrient availability and growth factors.
Through this mechanism, GOLPH3 enhances mTORCI1 signaling, thereby promoting protein
synthesis, cell growth and resistance to rapamycin [17].

In contrast, mechanistic target of rapamycin complex 2 (mTORC2), which includes mTOR, Rictor,
mSINI, Protor, mLST8 and DEPTOR, primarily regulates cell survival, metabolism and cytoskeletal
organization by phosphorylating downstream targets such as AKT, SGK1 and PKC. Although
mTORC?2 is generally considered rapamycin-insensitive and is not directly regulated by Rag
GTPases, aberrant activation of the mTOR pathway contributes to tumor progression and therapy
resistance [24].This mechanism contributes to increased tumor cell growth and resistance to
therapeutic stress. In addition to mTOR signaling, GOLPH3 supports the PI3K/AKT signaling
cascade, which acts upstream of mTOR and is frequently overactivated in cancer, contributing to
increased cell proliferation and inhibition of apoptosis. In addition to its role in growth signaling,
GOLPH3 also promotes the secretion of pro-tumorigenic factors, including vascular endothelial
growth factor (VEGF), thereby promoting angiogenesis. Through its combined effects on Golgi
organization, trafficking, and signaling integration, GOLPH3 acts as a central driver of oncogenic

signaling cascades that support tumor survival, progression, and dissemination [12] (Figure 5).
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Figure 5. GOLPH3 activation of the mTOR pathway. The mTOR kinase functions as a key regulatory center of cellular

homeostasis through the formation of two functionally and structurally distinct multiprotein complexes. mTORCI,
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defined by the presence of the adaptor protein Raptor. This complex integrates heterogeneous stimuli, including growth
factors, amino acid availability, energy status (ATP), and cellular stress. Activation of mTORC1 promotes cellular
anabolism and cell cycle progression through the phosphorylation of its main downstream targets: the kinase S6K1 (at
site T389) and the translation initiation binding protein 4EBP1. These events stimulate cap-dependent protein synthesis,
driving cell growth and proliferation. The complex is negatively modulated by Deptor and PRAS40 and is sensitive to
inhibition by Rapamycin via the FKBP12 complex. mTORC?2, characterized by the presence of the protein Rictor and the
mSIN1 component. Unlike mTORCI1, mTORC?2 responds predominantly to growth factors and is considered the master
regulator of actin cytoskeleton organization. Its enzymatic function is crucial for the full activation of AKT via

phosphorylation of the hydrophobic site (HM-Site S473) [23].

1.5 Current cancer therapies

Conventional cancer treatments primarily include surgery, radiotherapy, and chemotherapy, often
complemented by targeted therapies and immunotherapy. While these approaches have substantially
improved patient survival and quality of life, they continue to present significant limitations that
restrict their effectiveness and broader application in clinical practice [4].Surgery is often the first
therapeutic intervention, aimed at physically removing the tumor and surrounding tissue. However,
it is not always applicable in cases of metastatic disease or tumors located in inaccessible areas [25].
Chemotherapy, on the other hand, acts on rapidly proliferating cells but lacks specificity, causing
systemic side effects that can be severe. Furthermore, the emergence of drug resistance mechanisms
represents a relevant clinical problem, reducing the efficacy of treatment. Radiation therapy uses
ionizing radiation to damage the DNA of tumor cells, causing apoptosis and slowing tumor growth.
Despite its effectiveness, it can cause side effects in surrounding healthy tissue, and in some cases,
tumors may develop resistance to radiation-induced damage. Targeted therapies, including tyrosine
kinase inhibitors, monoclonal antibodies, and inhibitors of specific molecular pathways, have
improved therapeutic precision by acting on specific targets involved in tumor growth and survival.
However, these strategies can also be limited by secondary mutations, tumor variability, and
difficulties in targeting some key oncogenes. In addition to these main approaches, other traditional
therapies exist specifically for certain tumor types. Hormone therapy is indicated for hormone-
dependent tumors, such as breast and prostate cancer, and works by blocking the production or action
of hormones that stimulate tumor growth. This strategy is relatively well tolerated and can prevent
recurrence, but is not effective in hormone-insensitive tumors and can induce resistance or systemic
side effects [25]. Hyperthermia involves localized heating of tumor cells, often in combination with
radiation or chemotherapy, with the goal of increasing the tumor's sensitivity to treatment. Despite its

potential benefits, this technique is technically complex, poorly available, and can cause local side
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effects such as burning or pain. Cryotherapy, or cryoablation, on the other hand, induces tumor tissue
necrosis through freezing and represents a minimally invasive alternative for inoperable patients;
however, it is not indicated for large or deep tumors and carries the risk of damaging surrounding
tissue [26]. Finally, photodynamic therapy (PDT), based on the administration of a photosensitizer
followed by illumination of tumor cells, is particularly suitable for superficial skin, lung, esophageal,
or bladder tumors. Although selective and minimally invasive, PDT is limited by poor light
penetration into deep-seated tumors and can induce cutaneous photosensitivity. In summary, although
traditional therapies have been and remain the backbone of cancer treatment, they present significant
limitations related to specificity, systemic toxicity, resistance, and applicability, underscoring the
need to develop more innovative and personalized approaches [7]. To overcome these limitations,
gene therapy strategies have emerged as potential innovative and more specific approaches. Among
these, RNA interference (RNA1), mediated by small interfering RNAs (siRNA), offers the possibility
of silencing the expression of oncogenic genes in a targeted manner, acting directly on the messenger

(mRNA) before it is translated into proteins (Tablel).

Conventional Application /

Advantages Disadvantages / Limitations

Therapy Cancer Stage
Direct removal of tumor and . . -
. ] . . Not applicable in metastatic disease or
Localized tumors; early surrounding tissue; potentially . . . . .
Surgery . . . inaccessible tumors; surgical risks; possible
stage curative; can be combined with .
. residual tumor
adjuvant therapy
Localized or Non-specific; systemic toxicity
advanced/metastatic Effective against rapidly dividin myelosuppression, nausea, alopecia,
Chemotherapy g pIcty g (my PP P

tumors; systemic
disease

cells; can target metastatic sites immunosuppression); development of drug

resistance

Induces DNA damage leading to
tumor cell death; can shrink
tumors before surgery;
combinable with other therapies

Localized or locally
advanced tumors;
adjuvant/neoadjuvant

Can damage surrounding healthy tissue;
tumors may develop radioresistance; limited
to accessible sites

Radiotherapy

Hormone-dependent
tumors (breast,
prostate); various
stages

Specific for hormone-sensitive
tumors; can prevent recurrence;
generally well-tolerated

Ineffective in hormone-insensitive tumors;
endocrine-related side effects; resistance
may occur

Hormone Therapy

Hyperthermia /
Thermal Ablation

Cryotherapy /
Cryoablation

Selected solid tumors;
often combined with
chemo/radiotherapy

Localized tumors
(kidney, prostate, lung);
selected patients

Minimally invasive; can enhance
effectiveness of other
treatments

Limited availability; technically complex;
local effects (burns, pain)

Minimally invasive; alternative
for non-surgical candidates

Not suitable for large or deep tumors; risk of
damage to surrounding tissue
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S ficial t
Photodynamic HpEnEE e Selective for treated cells; Limited penetration of light; ineffective for

kin, lung, h b .. . . e .
Therapy (PDT) (skin Ubnédzsec:l; agus minimally invasive deep tumors; photosensitivity reactions

Table 1. Comparative summary of the characteristics, benefits, and limitations of the main therapeutic strategies
against cancer. The table outlines the main traditional therapeutic strategies against cancer, with their application and

cancer stage, advantages and disadvantages.

1.6 siRNA-mediated gene silencing

RNA interference is a highly conserved natural mechanism of post-transcriptional gene regulation,
present in nearly all eukaryotic organisms [27] This biological process allows cells to fine-tune gene
expression and serves as a defense mechanism against exogenous genetic elements, including RNA
viruses and transposable elements. At the molecular level, RNAi is mediated by small, double-
stranded RNA molecules, such as short interfering RNA or microRNAs (miRNA), which are typically
21-23 nucleotides long. These molecules guide the RNA-induced silencing complex (RISC) to
complementary target mRNAs, thereby controlling the stability and translation of these transcripts.
Once introduced into a cell, through methods such as chemical transfection, nanoparticle-mediated
delivery, viral vectors, or plasmid expression, siRNA sequences are incorporated into the RISC, a
multiprotein effector complex essential for RNAi activity. Within the RISC, the passenger strand of
the siRNA duplex is selectively removed, allowing the guide strand to direct the complex to
complementary sequences on the target mRNA. This results in sequence-specific cleavage and
degradation of the mRNA, ultimately leading to robust and highly specific knockdown of the
corresponding gene [28]. This precise mechanism of action makes RNAi a powerful tool for
functional genomics, allowing researchers to systematically study the role of individual genes in
cellular processes, development, and disease [9]. The potential of RNAi has been widely explored in
the development of targeted therapeutic strategies, particularly in the fields of oncology, antiviral
therapy, and the treatment of inherited genetic diseases [27]. In principle, siRNA-mediated gene
silencing can be employed to selectively downregulate oncogenes, inhibit viral replication, or correct
disease-causing genetic aberrations, thereby offering a level of specificity that is largely unattainable
with conventional small-molecule drugs or protein-based therapies. Furthermore, RNAi-based
approaches are extremely versatile and can be designed to target virtually any gene of interest,
including those traditionally considered "non-druggables, whose protein products cannot be easily
inhibited with conventional small molecules or antibodies, such as transcription factors, scaffolding

proteins, or other regulatory molecules [29].
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Despite these promising properties, the clinical translation of RNAi-based therapies faces several
significant challenges. Naked siRNAs are intrinsically unstable in biological fluids and are rapidly
degraded by nucleases, limiting their bioavailability [30]Furthermore, their cellular uptake is
inefficient, often requiring sophisticated delivery systems to reach target tissues and cells in vivo.
Other challenges include immune activation, off-target gene silencing, and the potential risk of
unwanted side effects. Consequently, much of the current research on RNAi-based therapies focuses
on developing biocompatible, efficient, and targeted delivery systems, such as lipid nanoparticles,
polymeric carriers, and conjugated molecules, to overcome these obstacles and enable safe and
effective clinical applications. Overall, RNAi represents a revolutionary molecular tool that not only
advances our understanding of gene function but also offers enormous therapeutic potential. Its
precise, sequence-specific action and adaptability make it an invaluable platform for modern

biomedical research and a promising avenue for future targeted therapies [31].

1.6.1 Molecular mechanism of siRNA-mediated gene silencing

siRNA-mediated gene silencing exploits the natural mechanism of RNA interference to reduce the
expression of specific genes in a sequence-dependent manner. siRNA, short double-stranded RNA
molecules, guide specialized cellular proteins to target mRNAs, promoting their degradation or
inhibiting translation. This process allows for precise and reversible control of gene expression,
making siRNA powerful tools for both molecular biology studies and targeted therapeutic
applications. The effectiveness of silencing depends on the specific interaction between the siRNA
guide strand and the target mRNA, the correct assembly of the RISC protein complex, and the cell's
ability to degrade or sequester the target transcripts. After entering the cytoplasm, the siRNA duplex
is incorporated into the RISC loading complex, which includes Dicer, the RNA-binding protein
TRBP, and Argonaute 2 (Ago2). Dicer facilitates the processing of longer double-stranded RNAs or
the transfer of synthetic siRNAs to Ago2, while TRBP contributes to the recruitment and stabilization
of the complex. Ago2 represents the catalytic core of the RISC and is essential for siRNA-guided
silencing. During RISC assembly, the passenger strand of the duplex is cleaved and eliminated,
leaving the guide strand associated with Ago2 within the activated RISC complex [32]. The guide
strand then directs the RISC toward complementary sequences of the target mRNA through Watson—
Crick base pairing. The high specificity of this interaction allows for efficient silencing; in the
presence of perfect or near-perfect complementarity, the mRNA is correctly positioned for cleavage.
Under these conditions, Ago2 exerts its endonuclease ("slicer") activity, cutting the mRNA in a
defined region and generating fragments that are rapidly degraded by cellular exonucleases, thus

preventing protein translation. Alternatively, when the complementarity between the guide strand and
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the mRNA is imperfect, RISC can inhibit gene expression without inducing direct cleavage of the
transcript. In this case, RISC-associated mRNAs can be sequestered in processing bodies (P-bodies),
cytoplasmic structures enriched in enzymes involved in mRNA decay and storage, where the
transcripts are temporarily stored or subjected to degradation [33]. After cleavage or translational
repression of the target mRNA, the activated RISC complex can dissociate from the transcript and
bind to additional mRNA molecules, allowing multiple rounds of silencing from a single guide strand.
This recycling mechanism contributes significantly to the high efficiency of RNA interference

(Figure 6).
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Figure 6. Molecular mechanism of siRNA-mediated gene silencing. The siRNA duplex is incorporated into the RISC
complex, where the guide strand directs the degradation of the target complementary mRNA or inhibits its translation,

allowing sequence-specific control of gene expression [32].

This mechanism allows for precise and targeted post-transcriptional control of gene expression,
making siRNA a powerful tool for silencing oncogenes such as GOLPH3, even in cases where the

encoded proteins are not easily inhibited by traditional drugs.
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1.7 siRNA delivery systems

Despite the high specificity of siRNA in silencing target genes, the clinical application of this
technology is severely limited by its instability and poor bioavailability in vivo [34].Naked siRNA is
highly susceptible to rapid degradation by plasma ribonucleases, resulting in a short circulating half-
life following systemic administration. In addition, its hydrophilic and negatively charged nature
severely limits passive diffusion across the cell membrane, leading to inefficient cellular uptake.
Together, these physicochemical and biological barriers substantially hinder the therapeutic
application of naked siRNA in vivo, underscoring the need for effective delivery strategies to protect
siRNA from degradation and facilitate its intracellular delivery [34]. Furthermore, siRNA can activate
the innate immune system, in particular through the receptors TLR3, TLR7 and TLRS, generating a
nonspecific inflammatory response that limits its safe use in vivo. To obtain a significant therapeutic
effect, it is therefore necessary to use delivery systems that protect the siRNA from degradation, favor
its accumulation in the target tissue and promote its endocytosis and release into the cell cytoplasm,
where it can interact with the RISC complex. The several limitations associated with the therapeutic
use of siRNAs, including their instability in biological fluids, rapid enzymatic degradation, poor
cellular uptake, and potential immune activation, make the development of effective delivery systems
essential. In this context, nanoparticles can enhance siRNA therapy by protecting the molecules from
degradation, facilitating targeted accumulation in the desired tissue, promoting cellular internalization
via endocytosis, and enabling controlled intracellular release, all of which improve the overall
efficacy of gene silencing [35].

Indeed, gene therapy carriers represent fundamental tools for overcoming the numerous obstacles that
limit the clinical application of siRNA. These vectors (Table 2) can be divided into natural, such as
liposomes, attenuated viral vectors, and peptide or protein-based nanoparticles, and synthetic, such
as polymeric nanoparticles, dendrimers, cationic lipids, and functionalized hybrid systems [30].
Natural vectors generally offer good biocompatibility, the ability to interact with cellular processes,
and often exhibit intrinsic tissue-targeting properties. Synthetic vectors, on the other hand, allow for
greater modularity in design, precise control of size and surface properties, and the possibility of
functionalization for the specific targeting of tumor tissues through ligands, antibodies, peptides, or
sugars recognized by receptors present on malignant cells [36].

In addition to protecting siRNA from enzymatic degradation, these carriers enhance the molecules'
entry into cells through various internalization mechanisms, such as receptor-mediated endocytosis,

direct membrane fusion, or micropinocytosis. Furthermore, many advanced systems allow controlled
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release of siRNA into the cytoplasm, sensitive to internal stimuli (acid pH, specific enzymes, redox
environment) or external stimuli (light, ultrasound, heat), thus optimizing drug availability at the site
of action and reducing systemic side effects. In summary, carriers represent a key strategy for making
siRNA therapy safe, effective, and targeted, opening up new perspectives for personalized clinical

applications [9].

Vector Type Examples Advantages Disadvantages

Viral vectors

Natural (adenovirus, High delivery efficiency; efficient Immunogenicity; safety concerns;
N lentivirus), cellular uptake; potential intrinsic limited cargo capacity; complex and
extracellular vesicles targeting properties costly production
(exosomes)
Lipid nanoparticles, Tunable physicochemical properties; Potential cytotoxicity; lower delivery
Synthetic cationic lipids, scalable and reproducible efficiency in some contexts; limited
vectors polymers (e.g., PEI), manufacturing; reduced targeting specificity without
dendrimers immunogenicity; formulation versatility functionalization
. Llpld—polymer . Improved stability a!nd dellve.ry. . Increased formulation complexity;
Hybrid nanoparticles, efficiency; enhanced biocompatibility . . -~
L . L . potential challenges in scalability and
systems biomimetic by combining natural and synthetic

eproducibilit
nanoparticles features reproducibility

Table 2. Natural and synthetic vectors for siRNA delivery: advantages and limitations

1.8 Nanoparticles: characteristics and potential in the field of nanomedicine

Nanomedicine represents one of the most innovative and rapidly evolving fields of biomedical
research, focusing on the use of materials, devices, and systems with nanometric dimensions (1-100
nm) for the diagnosis, treatment, and prevention of diseases. The development of nanomedicine is
based on the ability of nanoscale materials to interact with biological components, such as proteins,
membranes, and nucleic acids at the molecular and cellular level, thus enabling precise control over
biological responses. Nanoparticles (NPs) are defined as particulate structures with at least one
dimension in the nanometric range (1-100 nm). At this scale, materials exhibit unique
physicochemical, optical, electrical, and mechanical properties that differ significantly from their
bulk counterparts, due to quantum size effects and high surface area-to-volume ratios. These
distinctive characteristics make nanoparticles highly versatile tools for biomedical applications, as
they can be engineered to optimize drug solubility, stability, biodistribution, and cellular uptake. In
the biomedical field, nanoparticles serve as carriers for the delivery of therapeutic and diagnostic

agents, including small-molecule drugs, nucleic acids (such as siRNA and mRNA), proteins, peptides,
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and imaging probes. By modulating parameters such as size, surface charge, morphology, and surface
functionalization, it is possible to design nanoparticles that achieve targeted and controlled release,
enhance bioavailability, and reduce systemic toxicity compared to conventional formulations [37].
Moreover, nanoparticles can be designed as stimuli-responsive systems, capable of releasing their
payload in response to specific internal or external cues such as pH, redox potential, enzymes,
temperature, light, or magnetic fields thus ensuring spatiotemporal precision in therapy. In parallel,
the application of nanoparticles in diagnostics and theragnostic has enabled advances in imaging,
biosensing, and real-time monitoring of disease progression. Overall, nanoparticles represent a
fundamental component of nanomedicine, offering a multifunctional platform that integrates
chemistry, biology, and materials science to advance the development of next-generation

personalized therapeutic and diagnostic solutions [38].

1.8.1 Types of nanoparticles
Nanoparticles can be classified into two main macro-categories based on their composition: inorganic
and organic, each with unique characteristics that determine their application in the biomedical and

pharmacological fields (Table 3).

Nanoparticle Type Advantages Disadvantages

Low cytotoxicity, chemical inertness; easy
functionalization with drugs, nucleic acids,
antibodies; excellent optical properties (SPR)
for imaging and photothermal therapy;
tunable size and shape.

Potential accumulation in tissues; size- and
shape-dependent biodistribution may complicate
delivery; cost of production.

Gold nanoparticles
(AuNPs)

Superparamagnetic Magnetic properties allow active targeting and

iron oxide localized drug release; applications in MRl Non-biodegradable; risk of long-term tissue
nanoparticles contrast, hyperthermia, and radiotherapy; accumulation; requires coatings for in vivo safety.

(SPIONSs) good biocompatibility.

High drug loading capacity due to porous
Ceramic g g g capacity & . Poor biodegradability; potential systemic
) structure; controllable release; easily . . .
nanoparticles functionalizable surface for targeting: good in accumulation; purification and modification
(MSNs) geting; required to improve degradability.

vitro biocompatibility.

Carbon nanotubes
(CNTs)

Excellent mechanical and electrical
properties; high loading capacity for drugs,
genes, or proteins; tunable surface chemistry.

Potential cellular toxicity (oxidative stress,
inflammation, apoptosis); biocompatibility
concerns; challenges in in vivo use.

Nanodiamonds
(NDs)

Small size (2-9 nm); easily functionalizable
surface; good biocompatibility; promising for
drug delivery and diagnostics.

Limited preclinical and clinical data; production
and functionalization can be costly.

Liposomes

High biocompatibility and biodegradability;
can encapsulate both hydrophilic and

Relatively low encapsulation efficiency for some
drugs; stability issues; rapid release kinetics.
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hydrophobic molecules; clinically approved
and widely used.

Table 3. Comparative analysis of the main nanoparticle platforms. The table summarizes the advantages and
limitations of different nanosystems, highlighting the balance between chemical and physical properties, loading capacity,

and biocompatibility profiles for therapeutic and diagnostic applications.

Among inorganic nanoparticles, the most studied and applied are gold nanoparticles (AuNPs). These
particles, with dimensions ranging from 1 to 100 nm, exhibit low cytotoxicity and high chemical
inertness, characteristics that make them ideal for diagnostic and therapeutic applications. Their
surface, rich in thiol groups, allows for easy functionalization with drugs, nucleic acids, antibodies,
or other biomolecules, making them extremely versatile systems. Furthermore, the optical properties
of AuNPs, particularly surface plasmon resonance (SPR), make them effective tools for imaging,
biosensing, and photothermal therapies. Particle shape and size significantly influence the efficiency
of therapeutic drug delivery, determining biodistribution, tissue penetration, and cellular interaction
[39]. Superparamagnetic iron oxide nanoparticles (SPIONs) represent another class of inorganic
nanoparticles of great interest. Typically composed of magnetite (FesO4) or maghemite (y-Fe20s),
with dimensions between 10 and 180 nm, SPIONs exploit their magnetic properties for active
targeting via external magnetic fields and for localized drug release. In addition to drug and gene
delivery, these particles are used in diagnostics, as contrast agents for magnetic resonance imaging,
magnetic hyperthermia, and targeted radiotherapy. Despite their good biocompatibility, their non-
biodegradable nature requires attention due to the risk of long-term accumulation in tissues, which
may limit their clinical use without appropriate removal strategies or biodegradable coatings. Ceramic
nanoparticles, particularly mesoporous silica nanoparticles (MSNs), range in size from 20 to 100 nm
and are characterized by a highly ordered and porous internal structure. This morphology allows for
high drug loading capacity and controlled release. The surface of MSNs can be functionalized with
peptides, nucleic acids, or antibodies, making them suitable for targeted applications. Despite good
in vitro biocompatibility, a major limitation of ceramic particles is their poor biodegradability,
resulting in persistence in the body and potential systemic accumulation. Current research focuses on
the development of biodegradable coatings or chemical modifications to improve their degradation
profile. Carbon-based materials, such as carbon nanotubes (CNTs) and nanodiamonds (NDs), have
also attracted considerable interest. Single- or multi-walled CNTs have diameters ranging from 2.5

to 100 nm and are characterized by excellent mechanical and electrical properties, as well as a high
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loading capacity for drugs, genes, or proteins. However, their potential cellular toxicity, which can
manifest as oxidative stress, inflammation, or apoptosis, limits their clinical use. Nanodiamonds, by
contrast, are characterized by small dimensions (2-9 nm), an easily functionalizable surface, and
favorable biocompatibility. These properties make them promising platforms for drug delivery and
diagnostic applications; however, further preclinical and clinical studies are required to fully establish
their safety and efficacy [40].

Organic nanoparticles, by contrast, are characterized by high biocompatibility and an enhanced ability
to interact with biological systems. Among these, liposomes represent one of the most well-
established and widely used carriers in clinical applications. These are spherical vesicles, ranging in
size from approximately 50 nm to several micrometers, consisting of one or more lipid layers
surrounding an aqueous core. Thanks to their amphiphilic structure, they can transport both
hydrophilic (in the aqueous core) and hydrophobic (in the lipid bilayer) molecules, making them
highly versatile [41]. Liposomes offer high biodegradability and biocompatibility, but they present
limitations such as relatively low encapsulation efficiency for some molecules, stability issues during
storage, and rapid release kinetics. Despite these challenges, numerous liposomal formulations are
already approved and used in oncology, antimicrobial, and vaccine applications [41]. Other organic
systems include polymeric micelles, hydrogel nanoparticles, dendrimers, and extracellular vesicles
(EVs). Polymeric micelles self-assemble in aqueous solutions using amphiphilic copolymers and are
particularly suitable for transporting hydrophobic drugs, improving their bioavailability and
pharmacokinetics. Hydrogel nanoparticles, three-dimensional and highly hydrophilic, can absorb
large amounts of water while maintaining a stable cross-linked structure, allowing for modulated drug
release in response to external stimuli such as pH, temperature, or enzymes [30,42]. Dendrimers are
hyperbranched macromolecules with dimensions between 1 and 10 nm, allowing precise control of
molecular mass, surface charge, and chemical functionalization; they can transport drugs or nucleic
acids by binding to the surface or inserting them between the branches. EVs, including exosomes and
microvesicles, are vesicles naturally secreted by cells that mediate intercellular communication and
represent natural delivery systems for therapeutic molecules due to their biocompatibility and ability
to cross biological barriers such as the blood-brain barrier [43]Finally, polymeric nanoparticles, the
subject of further study, represent organic colloidal systems with typical dimensions between 10 and
100 nm, composed of natural or synthetic biodegradable polymers. They can take on various
architectures, such as nanocapsules with a drug-containing core or nanospheres in which the active
ingredient is distributed within the polymer matrix. Their versatility, biocompatibility, and ability to
provide controlled release make them promise for the targeted delivery of drugs and therapeutic

molecules, including nucleic acids such as siRNA. In recent years, “smart” systems have been
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developed, capable of responding to external stimuli such as pH, temperature, enzymes, or radiation,
allowing for selective release of the active ingredient at pathological sites and reducing systemic side

effects [35](Figure 7).

\‘J \l L
,s::\\ N Le
Polymeric micelles “—*\\ >-4._(f< Silica nanoparticles Gold nanoparticles
> s
gl RN
7
o ™ 71' ‘?) ” 7AW
1 AN TS L
™ Al . v ° .
e “'-L Dendrimers _g o °
' :
e '}
@®
Polymeric nanoparticles W g Carbon nanotubes Quantum dots
_ =
Polymer-drug <
; conjugates 5@"@5@506
e
S
LA
Liposomes Nanographene Magnetic nanoparticles
Organic nanoparticles Inorganic nanoparticles

Figure 7. Classification of the main nanomaterials for biomedical purposes. The image illustrates the systematic
subdivision between organic nanoparticles (such as liposomes and dendrimers) and inorganic nanoparticles (such as

metals and nanotubes), highlighting the structural diversity underlying their different applications in nanomedicine.

1.9 Polymeric nanoparticles

Polymeric nanoparticles are colloidal systems typically ranging in size from 10 to 200 nanometers,
made from natural or synthetic polymers. Owing to their structural and chemical versatility, these
nanoparticles are considered among the most promising delivery platforms for a wide range of
therapeutic agents, including small-molecule drugs, proteins, antibiotics, and nucleic acids such as
siRNA. Their structure allows for the protection of the incorporated molecules, controlled release,
and enhanced entry into target cells. Natural polymers, such as chitin, alginate, gelatin, collagen, and
albumin, offer excellent biocompatibility and biodegradability, with a reduced risk of systemic
toxicity [43]However, they show some limitations, such as batch-to-batch variability, less precise
control over particle size, and lower stability in circulation. Synthetic polymers, including poly(lactic

acid) (PLA), poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA), poly(e-caprolactone)
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(PCL), polyethylenimine (PEI), and polyacrylates, enable more precise control over nanoparticle size,
surface characteristics, and drug release profiles. They can also be functionalized to improve targeting
or make them sensitive to external stimuli. Disadvantages include the need for organic solvents or
specific synthesis conditions, the risk of tissue accumulation before complete degradation, and the
potential production of local acidic byproducts. The use of polymeric nanoparticles offers numerous
advantages: protection of the therapeutic load, controlled and modulated release, greater efficacy in
cellular internalization, and the possibility of designing "smart" systems that respond to stimuli such
as pH, temperature, enzymes, or radiation. However, some synthetic polymers may require complex
synthesis conditions and sometimes present problems with tissue accumulation if not fully

biodegradable [44] (Table 4).

32



Nanoparticle

Category Type

Representative
Examples

Advantages for siRNA
Delivery

Disadvantages /
Limitations

Natural

. Liposomes
nanoparticles

Cationic
liposomes
(DOTAP), neutral
liposomes,
PEGylated
liposomes

Efficient sSiRNA
encapsulation; protection
from nuclease degradation;
enhanced cellular uptake;
clinical validation in RNA
therapeutics

Limited stability in
serum; potential
toxicity of cationic
lipids; rapid
clearance without
surface
modification

Extracellular
vesicles
(exosomes)

MSC-derived
exosomes,
tumor-derived
exosomes

Excellent biocompatibility;
low immunogenicity; intrinsic
cell-targeting ability;

Low loading
efficiency; limited
scalability;
heterogeneity

Protein-based
nanoparticles

Albumin
nanoparticles,
protamine—
siRNA
complexes

Biodegradable; mild
formulation conditions;
reduced immunogenicity;
receptor-mediated uptake

Limited protection
against
degradation; poor
endosomal escape;
batch variability

Polysaccharide-
based
nanoparticles

Chitosan,
hyaluronic acid
nanoparticles

Electrostatic siRNA
complexation;
biodegradability;
mucoadhesive and targeting
properties (e.g., CD44)

Weak endosomal
escape; instability
at physiological pH;
variable
transfection
efficiency

Synthetic
nanoparticles

Polymeric
nanoparticles

PLGA, PLA, PGA,
PCL
nanoparticles

Controlled siRNA release;
tunable size and surface
charge; good reproducibility;
scalable production

Low encapsulation
efficiency without
modification;
limited endosomal
escape; acidic
degradation
products

Cationic
polymers /
polyplexes

Polyethylenimine
(PEI), poly(L-
lysine)

Strong siRNA condensation;
efficient cellular uptake;
proton sponge-mediated

endosomal escape

Significant
cytotoxicity; non-
specific interactions
with serum
proteins;
inflammatory
responses

Lipid
nanoparticles
(LNPs)

lonizable lipid-
based
nanoparticles

High siRNA loading
efficiency; efficient
endosomal escape; clinical
success in approved siRNA
therapies

Formulation
complexity;
potential
immunostimulation;
stability challenges

Precise architecture; high

Generation-
dependent toxicity;

PAMAM
Dendrimers . siRNA loading; multivalent costly synthesis;
dendrimers . L A
surface functionalization limited
biodegradability
Limited
Gold biodegradability;
. nanoparticles, High stability; easy surface long-term
Inorganic L . . . .
) silica functionalization; potential accumulation;
nanoparticles . . .
nanoparticles, for theranostic applications lower gene-

nanodiamonds

silencing efficiency
without coatings
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Enhanced siRNA protection; Increased

Hybrid Lipid-polymer Lipid-coated improved cellular uptake; formulatl.on

! PLGA . complexity;

systems nanoparticles . balanced stability and s
nanoparticles . A reproducibility

biocompatibility
challenges
Complex
L . Cellmembrane-  Immune evasion; prolonged fabrication; limited
Biomimetic . . . -
. coated siRNA circulation; enhanced scalability;
nanoparticles . .
nanoparticles targeting and uptake regulatory
challenges

Table 4. Advantages and disadvantages of synthetic and natural polymers. Summary of the main advantages and

disadvantages associated with the use of natural and synthetic polymers in drug delivery systems.
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1.9.1 Methods for the synthesis of polymeric nanoparticles

The production of polymeric nanoparticles requires the use of tailored synthetic strategies that allow
precise control over particle size, morphology, encapsulation efficiency, and release kinetics of the
active cargo. Numerous synthesis approaches have been reported in the literature, each presenting
specific advantages and limitations depending on the polymer employed and the nature of the

therapeutic agent or nucleic acid to be delivered. Among the most well-established methods are:

Emulsion-solvent/evaporation: The polymer is dissolved in an organic solvent and dispersed in an
aqueous phase containing surfactants. Evaporation of the solvent leads to the formation of stable
nanoparticles. This method enables good control over particle size and achieves reasonable
encapsulation efficiency; however, it requires the use of organic solvents, which may raise concerns
regarding toxicity and residual solvent contamination. Nanoprecipitation: The polymer, soluble in a
water-miscible organic solvent, is rapidly added to an aqueous phase, causing the controlled
precipitation of the polymer in the form of nanoparticles. This method is simple, reproducible, and
suitable for delicate molecules such as siRNA or peptides [45]. However, it can be less efficient for
encapsulating highly hydrophilic molecules and requires careful removal of solvent residues.
Microemulsion: This uses the formation of nanosized droplets stabilized by surfactants, in which the
polymer self-assembles. It allows for high encapsulation efficiency and precise size control, but
purification can be complex and scalability limited [46]. lonic coacervation/gelation, salting-out, and
self-assembly of amphiphilic copolymers are other methods available in the literature, often used with
natural polymers or systems sensitive to external stimuli, but less commonly used for large-scale

industrial production [47](Table 5).

35



Preparation
Method

Principle /
Mechanism

Suitability
for siRNA
Delivery

Advantages
for siRNA

Disadvantages /
Limitations

Key
Parameters
Influencing

siRNA
Performance

Emulsion-solvent
evaporation
(single or double
emulsion)

Polymer dissolved in
organic solvent is
emulsified in
aqueous phase;
solvent removal
leads to
nanoparticle
formation

Moderate
(often requires
double
emulsion or
cationic
modification)

Good particle
size control;
reasonable

siRNA protection
when properly
encapsulated;
established and
reproducible
method

Use of organic
solvents may
compromise siRNA
integrity; low
encapsulation
efficiency for
hydrophilic siRNA;
complex
processing

Polymer type
and charge;
emulsifier;

solvent system;
stirring speed;
evaporation rate

Nanoprecipitation
(solvent
displacement)

Rapid diffusion of
solvent into aqueous
phase induces
polymer
precipitation

Moderate to
good (typically
via
electrostatic
complexation)

Simple and mild
process; narrow
size distribution;
compatible with
siRNA polyplex

Limited siRNA
encapsulation
without cationic
polymers; weak
endosomal escape

Polymer
concentration;
solvent-water

ratio; mixing
rate; polymer

formation unless modified charge density
. High surfactant
siRNA-loaded g e
content; difficult Surfactant/co-
nanodroplets Very small and e .
. . . purification; surfactant ratio;
. . formed in - uniform particle . .
Microemulsion . Limited . potential toxicity; phase
thermodynamically size; controlled . . s
. limited clinical composition;
stable formulation
. . relevance for temperature
microemulsions .
siRNA
Mild, aqueous
Electrostatic conditions; no Poor mechanical Polymer charge
. interactions organic solvents; stability; broad density; pH;
Coacervation/ . . . . S L
L . between oppositely High strong siRNA size distribution; ionic strength;
ionic gelation . L
charged polymers complexation; limited endosomal polymer-to-
and siRNA good nuclease escape siRNA ratio
protection
. . Requires extensive
Reduced solvent Avoids high- B .
s purification; Salt
miscibility induced energy . .
. o limited polymer concentration;
Salting-out by salts leads to Moderate emulsification; I,
. . compatibility; less  solvent system;
nanoparticle preserves siRNA -
formation i commonly used dilution rate
y for siRNA
Efficient siRNA
loadin
cing Block
(especially with .
Spontaneous N composition
. cationic blocks); .
formation of core— . Complex polymer and ratio;
Self-assembly of ) good stability in L
A shell structures via . synthesis; higher molecular
amphiphilic . High serum; tunable . .
hydrophobic and cost; formulation weight; surface
copolymers . surface and s
electrostatic . sensitivity charge;
. . targeting;
interactions . assembly
improved "
conditions
endosomal
escape

Table 5. Advantages and disadvantages of the main methods of nanosystem preparation. Preparation methods for

polymeric nanoparticles for siRNA delivery: principles, advantages, and limitation.

In this study, polymeric nanoparticles were carefully designed using polymers selected for their

complementary properties, aiming to optimize the stability, efficacy, and safety of the delivery

system. The synthetic copolymer PLGA, for example, is widely recognized for its ability to provide
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controlled release of both drugs and nucleic acids. Its excellent biocompatibility, chemical and
physical stability make it particularly suitable for therapeutic applications, while also allowing for
modulation of release kinetics to meet the specific requirements of each treatment. However, it is
important to consider that PLGA degradation can generate local acidic byproducts that, if not properly
formulated, can accumulate in tissues and potentially compromise their biocompatibility [43] PEL a
cationic polymer, was used for its well-established ability to form stable electrostatic complexes with
negatively charged molecules, such as siRNA. This property enhances cellular internalization and
ensures efficient gene delivery, making PEI an effective carrier for nucleic acids. However, its
cationic nature also introduces a risk of cytotoxicity at higher concentrations, requiring careful
optimization to balance transfection efficiency with biological safety. Finally, ionic liquids have been
used as surface coatings for nanoparticles to further improve their stability, promote selective
accumulation in target tissues, and enhance cellular uptake. Choosing the right ILs is crucial, as it
directly influences the toxic profile and bioavailability of nanoparticles. Synthetic methods were
chosen based on the properties of each polymer system. For PEI-based nanoparticles,
nanoprecipitation was used, as this technique reliably produces uniform, size-controlled, positively
charged particles, ideal for complexation with siRNA. Nanoprecipitation is simple, reproducible, and
compatible with delicate molecules, although it may be less efficient for encapsulating highly
hydrophilic compounds and requires careful removal of residual solvents. For ionic liquid-coated
nanoparticles, microemulsion was chosen for its ability to finely control particle size, achieve high
encapsulation efficiency, and design a tunable release profile for therapeutic cargo. While highly
effective, this method also presents challenges, including the need for surfactants, complex
purification procedures, and limited scalability, which must be considered when planning for large-
scale production [48]By integrating the choice of polymer with the most suitable preparation method,
these nanoparticle systems achieve a balance between stability, efficacy, and targeted release,

providing a versatile platform for the therapeutic delivery of nucleic acids such as siRNA.
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1.10 Ionic Liquids

In recent years, ionic liquids (ILs) have attracted growing interest in the field of nanomedicine due to
their versatility and unique chemical and physical properties that distinguish them from traditional
solvents. These salts consist entirely of cations and anions and remain liquid at room temperature or
at low temperatures, thanks to their low lattice energy and charge delocalization [49]. ILs exhibit low
volatility, high thermal and chemical stability, a wide electrochemical window, tunable viscosity, and
a marked ability to solubilize both hydrophilic and hydrophobic compounds. These properties make
them ideal materials for the synthesis, stabilization, and functionalization of nanoparticles, where they
can act as solvents, cosolvents, coating agents, or structural components of the nanostructured system.
In the biomedical field, the use of ILs improves colloidal stability, regulates drug release, protects
nucleic acids from degradation, and increases interaction with cell membranes, while maintaining

good biocompatibility [49] (Table 6).
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Type

Representative
lons / Examples

Main Physicochemical
Properties

Typical
Applications

CATIONS

Imidazolium

[BMIM]* (1-butyl-3-
methylimidazolium),
[HMIMT]*, [OMIM]*

High thermal and chemical
stability, m-Tt interactions,
tunable polarity and
viscosity

Nanoparticle

synthesis and

coating, gene
delivery, catalysis

Pyridinium

[C,Py]", [CcPY]*

Aromatic planar structure,
charge delocalization

Electrochemical
systems,
conductive
nanomaterials

Pyrrolidinium

[PYRy]", [PYRyq]"

Saturated ring, low
viscosity, high robustness

lonic conductors,
energy storage
materials

Cholinium

[Ch]* (choline-based)

Biocompatible,
biodegradable, hydrophilic

Biomedical and
environmental
applications

Tetraalkylammonium /
phosphonium

[NJRAI", [P4R.]"

Adjustable hydrophobicity,
tunable chemical behavior

Catalysis,
functional surface
coatings

ANIONS

Hexafluorophosphate (PF,")

Hydrophobic, thermally
stable

Nanoparticle
stabilization,
electrochemistry

Tetrafluoroborate (BF,")

Low viscosity, high ionic
mobility

Controlled
nanoparticle growth

Bis(trifluoromethylsulfonyl)imide
(NTf,")

Bulky, hydrophobic,
reduces melting point and
viscosity

Dispersion and
colloidal stability

Chloride (Cl7), Acetate
(CH,C00")

Hydrophilic, suitable for
biopolymer solubilization

Biomolecule
processing,
bioactive systems

Trifluoromethanesulfonate (OTf")

Chemically stable,
hydrophobic

Surface
functionalization,
hybrid
nanostructures

stabilization processes
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Table 6. Classification and Main Characteristics of Ionic Liquids. The table illustrates the chemical diversity of
cations and anions used in the synthesis of nanomaterials, highlighting how the modulation of parameters such as thermal

stability, hydrophobicity and biocompatibility allows for the optimization of catalysis, gene delivery and colloidal

Among the various classes of ionic liquids, imidazolium-based ones are undoubtedly the most studied
and applied in the biomedical field, thanks to their combination of chemical stability, structural

modularity, and ability to interact with biomolecules. They are predominantly derived from the 1-



alkyl-3-methylimidazolium cation, in which the length of the alkyl chain modulates key parameters
such as polarity, viscosity, and hydrophobicity, influencing their affinity for cell membranes and
proteins. The planar aromatic structure of the imidazole ring allows m—m interactions with other
aromatic molecules, while the cation's positive charge favors electrostatic interactions with anionic
species, such as membrane phospholipids and nucleic acids (DNA and siRNA), facilitating their
condensation and protecting them from enzymatic degradation [50]. Numerous studies have
demonstrated that imidazolium salts possess marked intrinsic biological activity, including
antimicrobial, antibiofilm, and antitumor effects. In particular, their antitumor activity has been
attributed to complementary mechanisms, such as altered mitochondrial function with the induction
of oxidative stress and apoptosis, direct interaction with DNA through binding and intercalation, and
impaired plasma membrane integrity due to their amphiphilic and cationic nature. Structure-activity
relationship studies have also shown that benzyl-substituted derivatives exhibit increased
cytotoxicity, attributable to increased hydrophobicity and the presence of an aromatic group capable
of strengthening both interaction with lipid membranes and binding to nucleic acids [51]. Although
these properties make imidazolium salts highly attractive bioactive molecules, their direct use may
be limited by dose-dependent cytotoxic effects. In this context, the use of imidazolium salts as
functional coatings on polymeric nanoparticles, such as those based on PLGA or PEG-PLGA,
represents an effective strategy to exploit their benefits while reducing their undesirable effects. When
integrated as a coating, imidazole cations form an ionic shell around the polymer core, providing
colloidal stability through a combination of electrostatic repulsion and steric barrier, even under
complex physiological conditions and in the presence of serum proteins [51,52]. Furthermore, the
positive charge of the imidazole cation enables electrostatic binding to DNA or siRNA, protecting
the therapeutic cargo from nuclease degradation and promoting its cellular internalization, primarily
through clathrin-mediated endocytosis. Inside the cell, the controlled interaction between ionic liquid,
polymer, and nucleic acid allows for modulated release of the cargo, the kinetics of which can be
regulated through appropriate design of the ionic composition. At the same time, the cationic nature
of ILs promotes adhesion to the cell surface and interaction with negatively charged membranes,

improving the intracellular bioavailability of the active ingredient [53].
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Another crucial factor is the choice of anion associated with the imidazole cation. Bulky and weakly
coordinating anions, such as NTf., are generally associated with greater colloidal stability and
reduced toxicity, while more hydrophobic or strongly coordinating anions, such as PFs, can increase
the overall hydrophobicity of the system, improving some of its physicochemical properties, but at
the expense of biocompatibility. Rational selection of the cation-anion pair therefore allows for fine-
tuning the properties of nanoparticles, maximizing therapeutic efficacy while maintaining an
adequate safety profile. Overall, these findings support the idea that imidazolium salts, while
possessing intrinsic biological activity, can be repurposed more safely and effectively as functional
components of nanostructured systems. In this configuration, they act not only as stabilizing elements
and carriers for therapeutic molecules, but also as modulators of nanoparticle-cell interactions,

offering new opportunities for the development of innovative and less aggressive anticancer strategies

[54] (Figure 8).
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Figure 8. Multifunctional properties and biomedical applications of imidazole salts. The image illustrates the
structural modularity of these ionic liquids, highlighting their ability to stabilize nucleic acids and membranes through
electrostatic interactions and pi-pi stacking. Their use in coating polymeric nanoparticles (PLGA/PEG) for drug delivery

and their intrinsic biological properties, including strong antimicrobial and anticancer activities, are also highlighted.
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1.11 Polyethylenimine

Polyethylenimine (PEI) is a cationic polymer widely used as a nonviral vector for nucleic acid
delivery, thanks to its high density of positive charges that allows it to form stable complexes
(polyplexes) with DNA, mRNA, or siRNA The polymer exists in two main forms: branched (bPEI)
and linear (IPEI). The latter consists of repeating ethylene-imine units arranged in a linear chain, a
characteristic that provides a more uniform distribution of charges than the branched form, resulting
in lower cytotoxicity and greater transfection efficiency [55]. A key property of linear PEI is the
"proton sponge" effect, whereby secondary amines along the polymer backbone can buffer endosomal
acidification. Protonation of these groups induces the influx of ions and water into endosomes,
causing osmotic swelling, membrane disruption, and release of the gene cargo into the cytoplasm.
Although the exact molecular mechanism of endosomal escape is still under investigation, numerous
experimental lines of evidence confirm the effectiveness of linear PEI in promoting the intracellular
entry of siRNA and plasmid DNA [56]. The transfection efficiency of linear PEI depends strongly on
its molecular weight and the N/P ratio, i.e., the ratio of PEI amino groups to nucleic acid phosphate
groups. A molecular weight of approximately 25 kDa is considered the gold standard, as it represents
an optimal compromise between condensation capacity, protection from enzymatic degradation,
cellular internalization, and toxicity. At this molecular weight, linear PEI is able to form stable
nanoparticle polyplexes, typically between 50 and 150 nm, which effectively condense siRNA,
facilitate interaction with the cell membrane, and promote endosomal escape. In recent years, hybrid
systems have been developed in which linear PEI is combined with biodegradable polymers such as
PLGA or PEG-PLGA. In these systems, IPEI acts as an electrostatic modulator, enhancing nucleic
acid complexation, cellular internalization, and controlled intracellular release, while the
biodegradable component increases biocompatibility, circulation time, and reduces acute toxicity
[57]. Despite these advantages, dose-dependent cytotoxicity remains a significant limitation. The high
density of cationic charges can damage cell membranes and induce oxidative stress, apoptosis, and
inflammatory responses [57,58]. To mitigate these effects, several chemical modification strategies
have been developed, including PEGylation, which shields positive charges and reduces interaction
with serum proteins; the insertion of hydrophobic or aromatic groups, such as tyrosine, to increase
complex stability and facilitate endosomal escape; and the synthesis of degradable derivatives that
degrade intracellularly, reducing toxicity without compromising transfection efficiency [59].

In addition, functionalizing PEI-based polyplexes with specific ligands, such as peptides or
antibodies, can increase cell specificity and further improve therapeutic efficacy, making linear PEI

a versatile platform for targeted gene therapy. In summary, linear PEI represents one of the most
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studied and used materials for the non-viral delivery of siRNA and DNA, thanks to its ability to form
stable complexes, promote endosomal escape, and integrate into advanced nanostructured systems,

constituting a fundamental benchmark in the development of safe and efficient vectors [60].

1.12 Three-dimensional models for the study of nanoparticle-mediated gene delivery
Two-dimensional (2D) cell cultures have long been a standard tool in in vitro studies; however, they
exhibit significant limitations in accurately recapitulating the complexity of the in vivo tumor
microenvironment. In 2D systems, cells grow in a monolayer on rigid surfaces, lacking the three-
dimensional cell-cell and cell-extracellular matrix interactions that strongly influence the migration,
proliferation, and therapeutic response of real tumors. This can lead to data that are not predictive of
actual biological behavior, particularly for the penetration and release of therapeutic agents such as
siRNA 3D cell models, such as spheroids, organoids, or co-cultures in hydrogel matrices, better
reproduce the architecture, composition, and oxygen/nutrient conditions that characterize solid
tissues, thus providing a more physiologically relevant context for studying cellular behavior and the
efficacy of new therapeutic strategies. In particular, 3D models allow for the evaluation of the
efficacy, penetration, and accumulation of nanoparticles within dense cell masses, which cannot be
captured in monolayer models.

Numerous studies have therefore investigated nanoparticle-based delivery systems in 3D culture
models for the transport of therapeutic agents and nucleic acids, as summarized in Table 7. Compared
with conventional two-dimensional (2D) cultures, polymeric nanoparticles exhibit markedly different
penetration and internalization behaviors in spheroid models, highlighting the importance of 3D
systems for evaluating nanoparticle transport and cellular uptake. Moreover, the use of
polyethylenimine (PEI)-coated nanoparticles has enabled effective delivery of siRNA and plasmid
DNA in 3D co-culture models, supporting the relevance of three-dimensional platforms for assessing
gene delivery efficacy in tumor-relevant contexts [61].These findings highlight how the use of 3D
models is critical for the development and validation of gene delivery vectors, helping to overcome
the limitations of 2D assays and bringing experimental conditions closer to those encountered in

tumor tissues in vivo .
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Endosomal
Comparison
Nanoparticles siRNALoading 3D Cancer KeyObservations Escape/ Gene
with 2D
System Strategy Model in 3D Cultures Silencing
Cultures
Efficiency
Limited penetration
Physical Poor endosomal
Polymeric into spheroid core; Uniform uptake
encapsulation or escape without
nanoparticles Tumor heterogeneous and higher
adsorption with functionalization;
(e.g., PLGA- spheroids siRNA distribution; apparent
cationic low gene silencing
based) uptake mainly in silencing in 2D
modifiers efficiency
peripheral cells
Improved
Moderate gene
Surface- penetration and siRNA efficacy
Electrostatic silencing when pH-
modified Cancer internalization often
complexation responsive or
polymeric spheroids depending on overestimated in
with siRNA cationic components
nanoparticles surface charge and 2D systems
are included
ligand density
Higher
Efficient endosomal
3D tumor Efficient cellular transfection
PEl-coated escape via proton
Electrostatic co-cultures  uptake; penetration efficiency but
polymeric sponge effect;
complexation (tumor— limited by spheroid reduced
nanoparticles significant target
stromal) density predictability in
gene knockdown
2D
Strong endosomal
Direct siRNA delivery
PEl-based Tumor Homogeneous escape; spatially
electrostatic predominantly to
polyplexes spheroids silencingin 2D restricted gene
condensation outer cell layers
silencing in 3D
Enhanced stability
Encapsulation and deeper Improved endosomal
Lipid—-polymer Minimal
within polymer Cancer penetration escape; higher and
hybrid transport
core and lipid spheroids compared with more uniform gene
nanoparticles barriers in 2D
shell polymer-only silencing
systems
Increased specificity
Receptor-
Targeted Ligand-mediated and uptake intarget-  Targeting effects Enhanced gene
expressing
polymeric complexation or positive cells; less evidentin silencing in receptor-
tumor
nanoparticles encapsulation heterogeneous 2D expressing regions
spheroids
penetration

Table 7. Application of siRNA-loaded nanoparticle systems in 3D cancer cell culture models
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2.  Aim of the study

The overall aim of this PhD thesis is the rational design, physicochemical characterization, and in
vitro biological evaluation of innovative poly(lactic-co-glycolic acid) (PLGA)-based nanocarriers for
the safe and efficient delivery of anti-GOLPH3 small interfering RNA (siRNA) in prostate cancer
cells. To address this objective, the work focuses on two distinct yet complementary polymer
functionalization strategies: (i) surface modification of PLGA nanoparticles with imidazolium-based
ionic liquids (PLGA-ILs) and (ii) conjugation of PLGA with polyethylenimine (LGIP). These
approaches are investigated as tools to modulate nanoparticle surface properties and their interactions
with biological systems.

Within this framework, the study aims to elucidate how nanoparticle surface chemistry regulated by
the alkyl chain length of imidazolium-based ionic liquids or by PEI conjugation affects key biological
and functional parameters, including biocompatibility, cellular uptake, endocytic internalization
pathways, intracellular trafficking, and the efficacy of siRNA-mediated gene silencing. Imidazolium-
based ionic liquids are initially selected and evaluated as independent functional entities in order to
identify optimal physicochemical and biological profiles. The most promising ionic liquids are
subsequently employed as surface coatings for PLGA nanoparticles, with the objective of enhancing
surface charge, colloidal stability, and interactions with negatively charged biomolecules such as
siRNA.

In parallel, the thesis involves the synthesis and comprehensive characterization of PLGA-ILs and
LGIP nanoparticles, including the assessment of particle size, morphology, surface charge, colloidal
stability, and structural integrity, to ensure their suitability for biomedical and gene delivery
applications. Particular attention is devoted to understanding how variations in ionic liquid alkyl chain
length or PEI conjugation influence nanoparticle behavior in complex biological environments.
From a biological standpoint, the work systematically evaluates the in vitro biocompatibility of ionic
liquids, PLGA-ILs nanoparticles, and LGIP nanoparticles in both non-tumorigenic and malignant
prostate cell lines. This evaluation includes analyses of cytotoxicity, oxidative stress, apoptosis
induction, and effects on cell migration, with the aim of defining safe and effective concentration
ranges for nanocarrier-mediated gene delivery. Furthermore, cellular uptake kinetics and intracellular
localization are investigated to identify the predominant endocytic pathways involved in nanoparticle
internalization. Through the use of selective pharmacological inhibitors, particularly those targeting
clathrin-mediated endocytosis and macropinocytosis the study examines how nanoparticles surface
functionalization and concentration influence cellular entry routes and intracellular fate, which are
critical determinants of siRNA delivery efficiency.
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Finally, the thesis assesses siRNA loading capacity, release profiles, and functional gene silencing
efficacy, using GOLPH3 as a therapeutically relevant target in prostate cancer cells. By correlating
the physicochemical properties of the nanocarriers with cellular uptake mechanisms, intracellular
trafficking pathways, and gene silencing outcomes, this work aims to define rational design principles
for next-generation PLGA-based siRNA delivery systems. Overall, this PhD thesis seeks to provide
mechanistic insight into how ionic liquid functionalization and polymer conjugation strategies can be
exploited to optimize nanoparticle—cell interactions, improve endocytic routing, and enhance siRNA-
mediated gene silencing, thereby contributing to the development of safer and more effective non-

viral gene delivery platforms for cancer therapy.
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3. Materials and Methods

3.1 Preparation of Imidazolium salts.

All ionic liquids (ILs) were dissolved in dimethyl sulfoxide (DMSO) to prepare stock solutions and
subsequently diluted in Dulbecco’s Modified Eagle Medium (DMEM) to obtain working
concentrations ranging from 0.1 to 10 pg/mL. The final DMSO concentration in cell culture
experiments did not exceed 0.1% (v/v). 1-Decyl-3-methylimidazolium chloride (C1oMImCI) and 1,3-
didecyl-2-methylimidazolium chloride ((C10)-MImCI) were purchased from Sigma-Aldrich and used
as received. All other imidazolium salts were synthesized according to previously reported procedures
in literature. In particular: 1-Dodecyl-3-methylimidazolium chloride (Ci2MImCl) was prepared
according to literature [62]; 1-Methyl-3-tetradecylimidazolium chloride (Ci4MImCl) [62]; 1-
Hexadecyl-3-methylimidazolium chloride (CisMImCI) [63]; 1-Methyl-3-octadecylimidazolium
chloride (C1sMImCI) [64]; 1-Hexadecyl-3-methylimidazolium methanesulfonate (C1sMImMeS) and
1-Methyl-3-octadecylimidazolium  methanesulfonate = (Ci;sMImMeS)[65]; 1-Hexadecyl-3-(2-
hydroxyethyl) imidazolium chloride (CisC20HImCI) [66]; 1-Benzyl-3-hexadecylimidazolium
chloride (CisBnlmCl) and 1-Benzyl-3-octadecylimidazolium chloride (CisBnImCl) [67]; 1-
Hexadecylimidazole (CisIm); 1-Octadecylimidazole (CisIm) [68,69] ; 1-Hexadecylmethanesulfonate
(Ci16MeS) [70]; 1-Octadecylmethanesulfonate (C1sMeS) [70,71]. Ci6lm, CisIm, CisMeS, and CisMeS
were used as intermediates for the preparation of CisMImMeS, CisMImMeS, CisBnlmCl, and
CisBnImCl via quaternization reactions. CisBnlmCl was synthesized by reacting 1-
octadecylimidazole (1.00 mmol, 1.00 equiv.) with benzyl chloride (2.00 mmol, 2.00 equiv.) under
reflux at 110 °C for 24 h, followed by recrystallization from ethyl acetate, affording a pale white solid
in 76% yield C1sMImMeS was obtained following the literature procedure reported , affording a white
solid in 70% yield. All synthesized compounds were characterized by 'H and *C nuclear magnetic
resonance spectroscopy, attenuated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR, 4000-750 cm ™), and high-resolution mass spectrometry. Spectral data were consistent with

previously reported values.

3.2 Synthesis of PLGA-ILs nanoparticles
PLGA-ILs nanosystems were prepared using PLGA (Sigma-Aldrich) nanoparticles functionalized
with imidazolium-based ionic liquids (Sigma-Aldrich), specifically CisMImCl and C1oMImCI. The

nanoformulations were prepared using an oil-in-water (O/W) microemulsion method. Briefly, 60 mg
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of poly(lactic-co-glycolic acid) (PLGA) were completely dissolved in 3 mL of chloroform and
subsequently added dropwise to an aqueous solution containing 50 mg of either 1-hexadecyl-3-
methylimidazolium chloride (CisMImCI) or 1-decyl-3-methylimidazolium chloride (CioMImCI)
under continuous homogenization. Owing to their amphiphilic nature, the ionic liquids interact with
the hydrophobic PLGA chains through van der Waals interactions, while their hydrophilic moieties
remain exposed to the aqueous phase, thereby promoting colloidal stabilization of the nanoparticles.
Subsequent overnight evaporation of chloroform led to the formation of PLGA—C16 and PLGA-C10
nanoparticles. For cellular internalization studies using confocal microscopy and flow cytometry, the
fluorescent probe dichlorofluorescein (DCF, Sigma-Aldrich) was incorporated into the polymer core
using the same microemulsion process. In particular for both PLGA-ILs and LGIP nanoparticles,
DCF was incorporated into the polymer core by adding the dye to the organic phase containing PLGA
prior to the oil-in-water microemulsion and nanoprecipitation process. This approach allows for the
integration of the fluorescent probe within the polymer matrix during solvent evaporation and
particles solidification.After formation, the suspensions were purified by centrifugation to remove
the unencapsulated dye. The hydrodynamic diameter, PDI, and { potential were measured to evaluate
the physicochemical properties of the loaded nanoparticles. The individual ionic liquids, C1sMImCl
and C1oMImCIl, were first characterized by NMR to confirm their chemical structure before being
incorporated into the PLGA nanoparticles. Nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker (400 MHz) equipment at ambient temperature. The chemical shifts are given in parts per
million (ppm) and referenced to the residual solvent signal (CDCI; = 7.26 ('H), 77.16 (**C); DMSO-
d6 =2.50 ('H), 39.52 (*C)).

3.3 Synthesis of LGIP nanoparticles

LGIP NPs based on PLGA 75:25 (66—107 kDa) and linear PEI (4 kDa) were synthesized as follows.
PLGA (1 eq, 0.1 mM) was activated in DMSO (Acros Organics) using EDC (Fluka) (10 eq) and NHS
(Sigma-Aldrich) (10 eq) under stirring at room temperature for 4 h. Subsequently, PEI (4 kDa, Sigma-
Aldrich) (1 eq), previously dissolved in DMSO and supplemented with EtsN (20 pL), was added
dropwise to the activated PLGA solution and allowed to react under stirring for 20 h. The reaction
mixture was then purified by dialysis (MWCO 14 kDa) against deionized water for 48 h and
lyophilized. The final LGIP product was characterized by '"H-NMR in DMSO-ds and by FTIR-ATR.

3.4 Physicochemical and morphological characterization of nanoparticles
For all prepared nanoparticles (PLGA-ILs and LGIP NPs), the colloidal properties hydrodynamic
diameter (Dh), polydispersity index (PDI) and zeta potential ({) were assessed by Dynamic Light
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Scattering (DLS). DLS measurements were performed using a Zetasizer Nano Z (Malvern
Instruments Ltd., UK) operating in backscattering mode at 173° with a He—Ne laser (A = 532 nm) at
25 °C. Hydrodynamic diameter, PDI and zeta potential values were reported as the mean + standard

deviation (SD) of three independent measurements from three different batches (n =9).

3.5 Transmission electron microscopy

Size distribution of PLGA-ILs and LGIP NPs were examined by a transmission electron microscope
(TEM, JEM 2100 HT), operating at an electron voltage of 120 kV. The samples were prepared by
drop-casting 30 puL of diluted solution on a carbon-coated copper grid, which was then dried at RT.
The diameters and size distributions from the TEM images were analyzed using Image] software.

The average size and the SD have been calculated for each sample.

3.6 In vitro cell culture

DU145 were cultured in Dulbecco's Modified Eagle's Medium High Glucose (DMEM) and PNT-2
in Roswell Park Memorial Institute (RPMI) 1640 Medium with L-Glutamine (Sigma-Aldrich, Milan,
Italy); both media were supplemented with 10% fetal bovine serum of South American origin
(Microgem, Italy), antibiotic solution (streptomycin) 100 ng/mL and penicillin 100 U/mL (Sigma-
Aldrich, Italy) in a 95% humidified atmosphere containing 5% CO; at 37 °C. For the co-culture
experiments, DU145 tumor cells were cultured in high-glucose DMEM and 2% fetal bovine serum.
Human endothelial cells (HUVECSs) were cultured in Endothelial Cell Growth Medium with 2% FBS,
conditions necessary to ensure proliferation and maintenance of endothelial morphology. For three-
dimensional cultures, PhenoDrive-Y material was used, reconstituted in a solution of ethanol:water
(75:25, v/v). 200 pL of the solution was distributed on the bottom of 24-well plates and left to dry at
room temperature for 3 hours. Before cell seeding, the coated wells were sterilized by exposure to
UV light for 1 hour, thus creating a suitable surface for the formation of spheroids and stable 3D

cultures.

49



3.7 Cell viability and oxidative stress

Alamar blue assay: PNT2 and DU145 cells were seeded in 96-well plates at a density of 5,000
cells/well in RPMI and DMEM, respectively. After 24 h, nanoformulations of PLGA-ILs NPs and
LGIP NPs were added at the following concentrations: 150 ng/mL; 500 ng/mL; 5 ug/mL; 10 ug/mL;
20 pg/mL; 25 pg/mL; 50 pg/mL; 100 pg/mL. Cells were incubated with NPs for 72 h. Alamar Blue
10 v/v% solution (Life Technologies, Italy) was added to each well (200 nL) and incubated for 4 h at
37 °C. The conversion of resazurin to resorufin by mitochondrial reductase was measured as optical
density using a spectrophotometer (PerkinElmer VICTOR™ X3 Multimode Reader) at wavelengths
of 570 and 600 nm. All experiments were performed in at least triplicate cultures and repeated three
times. The biocompatibility of ILs was assessed using the CCK-8 cytotoxicity assay. PNT2 and
DU145 were seeded in 96-well plates, along with control wells containing culture medium only
(5,000/well). At 80% cell confluence, cultures were treated with ILs at different concentrations (0.025
to 2.0 ng/mL) and incubated for 24 hours. Cell viability was then assessed using the CCK-8 assay
following the manufacturer's instructions. Briefly, 10 uL of CCK-8 reagent was added per well, and
the plates were incubated for 4 hours at 37°C. Optical density (OD) was measured at 450 nm using a
Victor X3™ microplate reader (Perkin Elmer, Milan, Italy). All experiments were performed in
triplicate and results are expressed as mean £+ SD of the percentage viability compared to untreated
controls. In contrast, for DU145-HUVEC cocultures, 25,000/60,000 cells were seeded in 24 wells.
Twenty-four hours after treatment with PLGA-C16 NPs and PLGA-C10 NPs at concentrations of
150 and 500 ng/mL, the supernatants were collected and used for the LDH cytotoxicity assay
(ROCHE Cytotoxicity Detection Kit) and the protein assay (Pierce™ BCA, Thermo Fisher
Scientific), following the manufacturer's instructions. A Triton X-100-treated sample served as a
positive control (maximum LDH release), while untreated cells served as a negative control. The
absorbance of the LDH assay was read at 492 nm, while that of the BCA protein assay was read at
660 nm. The LDH values were then normalized to the protein content obtained for each sample and
expressed as specific enzyme units.

Live/dead assay: PNT2 and DU145 cells were seeded in 96-well plates and exposed for 24 hours to
0.1 pg/mL, 0.5 pg/mL, and 1 pg/mL of C10MImCI, C16MImCI, and C16BnImCI. Live cells were
stained with the membrane-permeable dye Cytotrace (1ug), which penetrates intact cells and is
hydrolyzed by intracellular esterases, producing a green fluorescence signal. In contrast, dead cells
were labeled with propidium iodide (PI, 1 pg/mL), which cannot cross intact membranes but readily
penetrate cells with compromised membranes. Once inside, PI binds to DNA and emits red

fluorescence, which can be detected using JuliStage TimeRecorder microscopy.
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ROS assay: Intracellular reactive oxygen species (ROS) were quantified using the DCFH-DA
fluorescent probe at a final concentration of 20 uM. 7.000 cells were seeded in 96-well plates and,
after adhesion, were treated with 0.1 ug/mL, 0.5 ug/mL and 1 ug/mL of CioMImCIl, CisMImCI and
Ci16BnImCI for 24 h and then incubated with the probe to allow intracellular de-esterification and
subsequent ROS-dependent oxidation. Fluorescence intensity of the oxidized product (DCF) was
measured using a plate reader equipped for excitation/emission in the green channel. Fe**/H.0. was

used as a positive control for ROS generation, while untreated cells served as baseline controls.

3.8 3D Spheroid formation and treatment assay

To generate three-dimensional (3D) spheroids of DU145 cells, Matrigel (Corning, USA) was used as
a matrix to mimic the extracellular environment. Prior to use, Matrigel was thawed overnight at 4 °C
according to the manufacturer’s instructions. A volume of 50 pL/cm? of diluted Matrigel was
dispensed into the wells of a 96-well plate. The plate was then incubated at 37 °C in a humidified
atmosphere containing 5% CO- for 30 minutes to allow Matrigel polymerization, thereby forming a
biologically active matrix resembling the basement membrane. After polymerization, a cell
suspension of DU145 (5,000 cells/cm’, respectively) was seeded onto the Matrigel-coated wells. The
cells were cultured for 7 days under standard conditions, with the culture medium replaced every 2
days. During spheroid formation, spheroids were monitored daily under an inverted microscope. At
day 7, spheroids were treated with 1 pg/mL of the compounds C1oMImCI, C1sMImCl, and C16BnCl
for 72 hours. Control spheroids were maintained in their respective culture medium. Following
treatment, the spheroids were placed in the JuLi™ Stage Real-Time Cell History Recorder
(NanoEnTek, Korea) for imaging acquisition (10X objective). To evaluate cell viability after
treatment, an Alamar Blue (Invitrogen, Italy) assay was performed. Cells were incubated with the
Alamar Blue reagent (1:10 dilution) for 4 hours, and absorbance was measured at 570 nm. All

experiments were carried out in technical and biological triplicates.

3.9 Hematoxylin and Eosin (H&E) staining

This staining was used to evaluate the morphology of DU145-HUVEC cocultures treated with
PLGA-C16 and PLGA-C10 nanoparticles at concentrations of 150 and 500 ng/mL, in order to
compare any morphological changes and variations in cell density and integrity induced by the
different alkyl lengths of the ionic liquids. After 24 hours of treatment, the cells were fixed with 4%
paraformaldehyde (PFA, Sigma-Aldrich) for 15 minutes at room temperature and then washed with
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PBS. The samples were stained with hematoxylin (abcam) for 5 minutes and counterstained with
eosin (abcam) for 2 minutes. The samples were subsequently observed under a light microscope to
evaluate cellular morphology, distribution, and organization, comparing the treated conditions with

the controls.

3.10 Immunofluorescence analysis

To assess the internalization capacity of the nanoparticles, cells were seeded onto 12-mm glass
coverslips placed in 24-well plates. After 24 h, cells were treated with DCF-loaded PLGA-ILs and
LGIP nanoparticles at concentrations of 150 ng/mL, 500 ng/mL, and 10 pg/mL, and incubated for
different time intervals (6, 24, 48, and 72 h). Subsequently, the cells were fixed in 10% neutral
buffered formalin for 2 hours at room temperature, washed with PBS and permeabilized with 0.1%
Triton X-100 in PBS. After blocking with 2% BSA in PBS for 45 minutes, the cells were incubated
with CellMask Deep Red Plasma Membrane Stain (Invitrogen™) 1:1000 for 30 minutes, mounted
with Fluoromount (SouthernBiotech) and analyzed by confocal microscopy (Leica DMi8, HC PL
APO CS2 63x/1.40 OIL objective). For GOLPH3 silencing, after 48 and 72 hours, cells on slides
treated with all three anti-GOLPH3 siRNA binding nanosystems and their respective Lipofectamine-
treated controls were fixed in formalin for 2 h and incubated overnight at 4°C with anti-
GOLPH3/MIDAS antibody (Abcam) 1:400. The next day, cells were incubated for 30 min with
CellMask Orange Plasma Membrane Stain 1:1000 and Goat anti-Rabbit IgG (H+L) DyLight™ 488
secondary antibody 1:200, and GOLPH3 protein reduction was analyzed by fluorescence microscopy

(Leica DMi8, HC PL FLUOTAR 100x/1.32 OIL PH3 objective).

3.11 Flow cytometry analysis

To evaluate the biocompatibility of the ILs, apoptosis was assessed by Annexin V-FITC and
propidium iodide staining, followed by flow cytometric analysis using a MACSQuant flow
cytometer. DU145 and PNT2 cells were treated for 24 hours with 0.1, 0.5, and 1 pg/mL of
C10MImCI, C16MImCIl, and C16BnImCI. After treatment, cells (1 x 10"6) were harvested, washed
in binding buffer, and incubated with Annexin V-FITC to detect phosphatidylserine externalization,
while PI was used to identify loss of membrane integrity. The analysis was performed immediately
on the MACSQuant flow cytometer using the appropriate channels: FITC was excited at 488 nm with
emission collected at 518 nm (green channel), while PI was excited at 535 nm with emission collected

at 617 nm (red channel). Data were processed using MACSQuantify software. The internalization of
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PLGA-ILs and LGIP nanoparticles was also evaluated by flow cytometry. Briefly, DU145 cells were
seeded in 6-well plates at a density of 1 x 10° cells per well in complete culture medium and incubated
for 24 h prior to treatment. Nanoparticles were then added at concentrations of 150 ng/mL, 500
ng/mL, 10 pg/mL, and 50 pg/mL, and cells were incubated for 6, 24, and 72 h. After incubation, the
cells were treated with trypsin and centrifuged at 1200 rpm for 5 minutes at 25°C. The cell pellet was
washed twice with 1X PBS. Fluorescence associated with DCF incorporated into the internalized
nanoparticles was detected using a MACSQuant® Analyzer 16 flow cytometer (Miltenyi Biotec),
with excitation at 525 nm and emission at 550 nm. At least 10,000 cells were analyzed, excluding
cellular debris by gating the plot area. To identify the endocytic pathway involved in nanoparticle
internalization, Pitstop-2 (Sigma-Aldrich), an inhibitor of clathrin-mediated endocytosis, and
Amiloride (Sigma-Aldrich), an inhibitor of macropinocytosis, were used. DU145 cells were seeded
in 6-well plates at 100,000 cells/well in complete medium and incubated for 24 hours before
treatment. PLGA-ILs and LGIP NPs were added at 10 pg/mL and 50 pg/mL for 72 hours, in the
presence of Pitstop 2 (I nM) or Amiloride (10 uM) for the entire treatment duration. Samples
containing only PLGA-ILs and LGIP NPs without inhibitors were used as controls. After treatment,
cells were separated with 0.25% trypsin-EDTA (Sigma-Aldrich), centrifuged for 5 minutes at 1200

rpm with acceleration and deceleration set to 9, and washed three times with 1X PBS before analysis.

3.12 Preparation of PLGA-ILs and LGIP/anti-GOLPH3 siRNA complexes

The nanoparticles were conjugated with a pool of anti-GOLPH3 siRNA (Merck, Milan, Italy),
containing the following sequences (Table 8). The polymer/siRNA complexes were prepared by
mixing a fixed amount of siRNA (0.614 pg, corresponding to 50 nM) with 3.21 pug of PLGA-ILs. For
LGIP formulations, two polymer/siRNA weight ratios were tested using 3 pg (LGIP-1) and 30 pg
(LGIP-10) of polymer. The mixtures were incubated for 3 hours at room temperature to allow
nanoparticles/siRNA electrostatic complexes. The release of siRNA from the nanoparticles was
assessed over time by incubating the complexes in distilled water under constant agitation at room
temperature for 2, 24, and 72 hours. After each time point, 10 pL of sample was collected for the
Picogreen assay, which allows for the sensitive detection of nucleic acids. Fluorescence was measured
using a plate reader with excitation at 480 nm and emission at 520 nm. The selection of
nanoparticles/siRNA ratios was based on a mass ratio (w/w) approach rather than theoretical N/P
calculations. This strategy is commonly adopted in polymeric nanoparticle-based siRNA delivery

systems, particularly when complexation occurs at the surface of preformed nanoparticles rather than
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through condensation with freely accessible cationic polymer chains [72]. In the present PLGA-ILs
and LGIP nanosystem, positive charges are distributed at the nanoparticles surfaceand their effective
accessibility cannot be accurately predicted using conventional N/P stoichiometric calculations.
Therefore, empirical optimization based on weight ratios was considered more appropriate. An initial
screening was performed by testing nanoparticles/siRNA mass ratios of 0.614 pg/ 4 pg; 0.614 pug/ 10
ug; 614 ng/ 40 pg , and in order to identify the minimum amount of carrier required for efficient
siRNA binding and colloidal stability. Complex formation and release behavior were evaluated using
the PicoGreen assay. Among the tested conditions, the 0.614 ug/4 pg ratio provided efficient siRNA
complexation while maintaining controlled release kinetics. The improved performance observed at
the 1:1 ratio may be attributed to an optimal surface charge balance, ensuring sufficient electrostatic
interaction for stable siRNA adsorption without excessive carrier excess. Higher nanoparticle excess
(614 pg/10 pg and 614 pg/40 ng) did not significantly enhance binding efficiency and may lead to
excessive surface charge density, potentially affecting release kinetics and biological performance.
Therefore, the 0.614 nug/4 ng ratio was selected for subsequent experiments as it represents the

minimal effective carrier amount ensuring stable complex formation and suitable release behavior

[72].

siRNA Forward Reverse
anti-GOLPH3 Primer Primer
AAAUGAUGUGUAACCCU GGACCGCGAGGGUUACACAU
#1 GOLPH3 CGCGGUCE CAUUU
AAUCCAGAUGAUAUACA GGAAUGACUGUAUAUCAUCU
#2 GOLPH3 GUCAUUCC GGAUU
#6 GOLPH3 AAUCCAGAUGAUAUACA GGAAUGACUGUAUAUCAUCU
GUCAUUCC GGAUU
#7 GOLPH3 UCAAGGACCGCGAGGGU UAACCCUCGCGGUCCUUGA

Table 8. siRNA sequences. Sequences of siRNAs used for GOLPH3 gene silencing
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3.13 mRNA extraction, retrotranscription and RT-PCR

To assess gene silencing in DU145 cells, total RNA was extracted using an on-column RNA
extraction kit (abm). Reverse transcription was subsequently performed using the All-in-One 5% RT
MasterMix kit (abm), according to the manufacturer’s instructions. The cDNA was used to amplify
the GOLPH3 gene by qPCR. qPCR reactions were performed in triplicate in a 20 uL reaction volume
using the BlasTaq™ 2X qPCR MasterMix kit (abm). Conditions were as follows: 95°C for 3 minutes,
followed by 35 cycles of 95°C for 15 seconds, 60°C for 1 minute. The HPRT1 gene was used as a
reference gene for normalization of real-time PCR products. The PCR primers used to detect each
gene were designed using the Primer 3 program and synthesized by Sigma Aldrich. The tests were
performed in technical duplicate for each subject. To confirm the specificity of the reactions, we
performed dissociation curve analysis of the amplification products. To analyze the data and obtain

relative gene expression levels, the 2-DDCt method was used.

3.14 GOLPHS3 Silencing

To inhibit the GOLPH3 gene, DU145 cells were seeded in 12-well plates at 90,000 cells/well in
complete medium. After 24 hours, cells were treated with PLGA-IL and LGIP NPs and a pool of anti-
GOLPH3 siRNA (50 nM), containing the following sequences as reported in the table for 48—72
hours. The nanosystems and siRNA were diluted in complete medium (750 pL) where 0.614 pg of
siRNA (50 nM) was bound to PLGA-ILs (3.21 pg) in a 1:1 ratio. As an internal positive control, cells

were treated with Lipofectamine™ RNAIMAX transfection reagent (ThermoFisher).

3.15 Scratch Assay

A scratch assay was performed to first evaluate the effects of ILs on cell migration. PNT2 and DU145
were used. Cells were seeded in 48-well plates (growth area = 1.0 cm*well) at a density of 10,000
cells per well, allowing confluence to be reached within 18-24 hour. At confluence, a scratch was
created using a sterile 1 mm pipette tip held perpendicular to the well surface. Detached cells were
gently removed by washing with PBS, and fresh culture medium was added. Plates were incubated
at 37 °C with 5% CO-, and images of the scratch area were acquired at 0, 24, 48, and 72 h using an
inverted optical microscope (Julistage Time Recorder, Nanoentek, Korea) with phase-contrast optics
at 4x and 10x magnification. Migration into the wound area was monitored over time, and assays
were performed in duplicate.

To assess the effect of GOLPH3 gene silencing on cell migration, cells were seeded in 96-well plates
at a density of 15,000 cells/well and allowed to adhere for 24 hours. Subsequently, they were treated
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with PLGA-ILs, LGIP-1 NPs and LGIP-10 NPs that bound GOLPH3-specific siRNA and the control
treated with Lipofectamine for up to 72 hours. After 72 hours, a linear scratch was performed on the
cell monolayer using a sterile 200 pL tip (p200), followed by washing with 1x PBS to remove non-
adherent cells and debris, and the subsequent addition of DMEM) and the wound closure was
monitored at 2, 4, 6, and 24 hours. Images were acquired using a JuLI™ Stage Recorder inverted
optical microscope (Nanoentek, Korea) with a 4x objective. The residual scratch area was quantified
by image analysis with ImageJ software (version 1.481). Each experimental condition was analyzed

in three independent experiments, each performed in triplicate.

3.16 Statistical analysis

Statistical analysis was performed using GraphPad Prism software (version 8.0). For the cell
proliferation experiments, a two-way ANOVA was performed to compare cell proliferation across
increasing NPs concentrations at different timepoints. The results obtained by flow cytometry are
reported as the median of the distribution of cellular fluorescence intensity (Resolution matrix)
obtained by analyzing 10,000 cells in the gate and normalized on CTR. For qPCR analysis, gene
expression fold change was calculated by the 2”(-AACt) method, and statistical significance was
assessed by two-way ANOVA. For the scratch assay, data for each condition were normalized to
their respective TO values, and statistical comparisons with the corresponding control condition were

performed using two-way ANOVA.
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4. Results

4.1 Preparation of imidazolium-based ionic liquids

Ionic liquids (ILs) represent a class of highly versatile materials, characterized by the presence of
completely dissociated ionic species in the liquid phase. This characteristic gives them unique
properties, including high chemical stability, low vapor pressure, remarkable ionic conductivity,
and the ability to finely tune their chemical and physical characteristics through appropriate
structural modifications[73]. These properties make ionic liquids particularly attractive for
biomedical applications, particularly as functional components in drug and gene delivery systems.
One of the most notable characteristics of ILs is their modular structure. The combination of an
ionic head and an alkyl chain of variable length allow for the tuning of key parameters such as
hydrophobicity, amphiphilicity, surface charge, and the ability to interact with biomolecules. In the
context of gene delivery, this modularity allows for the optimization of electrostatic interaction with
the genetic payload, ensuring complexation and protection from enzymatic degradation, without
compromising the system's stability or biological compatibility [74]. From a biological perspective,
positively charged of imidazolium-based ionic liquids are particularly effective in interacting with
polyanionic molecules such as siRNA. This interaction not only promotes high loading efficiency
but also helps reduce the loss of genetic material during preparation, transport, and cellular
internalization. Furthermore, the ionic nature of ILs can facilitate interaction with the cell
membrane, promoting endocytosis and increasing the overall uptake efficiency of nanoparticles
[50,75].

Another aspect of particular relevance emerging from this work concerns the ability of ionic liquids
to interact with biological membranes. The presence of hydrophobic domains within imidazolium-
based ILs likely promotes their partial insertion into lipid bilayers, resulting in increased membrane
permeability and enhanced cellular uptake of the nanoparticle systems. This effect is especially
advantageous for non-viral vectors, which are generally limited by lower internalization efficiency
compared with viral delivery platforms. Importantly, our results suggest that modulation of the alkyl
chain length represents a key parameter for balancing membrane interaction and cytocompatibility,
as excessive hydrophobicity may lead to membrane destabilization and cytotoxicity. Consistent with
this, the initial screening of imidazolium salts with different alkyl chain lengths performed in this
study allowed the identification of ILs that are compatible with PLGA nanoparticles and suitable
for use as functional surface coatings for siRNA delivery. The ILs selected for the screening were

initially dissolved in DMEM to prepare concentrated stock solutions. These stock solutions were
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subsequently diluted in DMEM to obtain working concentrations ranging from 0.1 to 10 pg/mL
(Table 9).

Imidazolium Salt Ri R: n A
C1oMImCl CH; H 8 Cl
C1z2MImCl CH; H 10 Cl
C14MImCl CH; H 12 Cl
C1sMImCl CH; H 14 Cl
C1sMImCl CH; H 16 Cl

CisMImMeS CH; H 14 H3CSO;

CisMImMeS CH; H 16 H3CSO;
(C10)z2MImCl (CH2)oCH3 CH; 8 Cl
C16C20HImC1 (CH»2).OH H 14 Cl
C16BnImCl CH,C¢Hs H 14 Cl
C1sBnImCl CH,C¢Hs H 16 Cl

Table 9. Structural characteristics of the imidazolium core-based ionic liquids selected for this study. The selection
includes series characterized by different hydrophobic chain lengths (C10-C18), different functionalizations of the Ri
group (methyl, hydroxyethyl, benzyl), and different anions (chloride and methanesulfonate).

4.1.1 'H NMR characterization of selected ionic liquids

All ILs included in the screening were characterized by 'H NMR spectroscopy. However, for clarity
and conciseness, this thesis reports only the 'H NMR spectra of the ILs selected for nanoparticles
functionalization, which are presented as representative of the complete characterization. The 'H
NMR spectra of C16MImCI and C10MImCI were acquired in CDCls at 400 MHz to confirm their
chemical identity and purity. For C16MImCI, the spectrum shows characteristic signals of the
imidazole ring at 6 10.57 (s, 1H), 7.40 (s, 1H), and 7.28 (s, 1H), consistent with the predicted proton
environment for the heterocyclic core. The methylene protons adjacent to the nitrogen atom appear
as a triplet at 6 4.32 (t, ] = 7.4 Hz, 2H), while the methyl group bonded to the nitrogen shows a

singlet at 6 4.13 (s, 3H). The long alkyl chain exhibits a broad multiplet between & 1.38—1.22 (m,
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26H) and a terminal triplet at 6 0.89 (t, J = 6.7 Hz, 3H), confirming the presence of the sixteen-
carbon chain. Similarly, C1I0MImCI shows signals from the imidazole ring at & 10.18 (s, 1H), 7.45
(s, 1H), and 7.30 (s, 1H), the methylene protons near the nitrogen at 6 4.28 (t, ] = 7.4 Hz, 2H), and
the N-methyl protons at 6 4.07 (s, 3H). The ten-carbon alkyl chain appears as a multiplet between &
1.38-1.16 (m, 14H) and a terminal triplet at 6 0.85 (t, J = 6.9 Hz, 3H) [76,77]. No significant

impurities were observed, confirming the successful synthesis of the ionic liquids (Figure 9).

"H NMR (400 MHz, CDCls) 8 10.57 (s, 1H), 7.40 (s, 1H), | H NMR (400 MHz, CDCl;) 8 10.18 (s, 1H), 7.45

7.28 (s, 1H), 432 (t, /= 7.4 Hz, 2H), 4.13 (s, 3H), 1.91 ) (s, 1H), 7.30 (s, 1H), 4.28 (1, J = 7.4 Hz, 2H), 4.07
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Figure 9. .*1H NMR spectra of C16MImCl and C10MImCl in CDCL (400 MHz). The spectra show the
imidazolium ring protons (6 10.57-10.18, 7.40-7.30 ppm), the N-methyl group (6 4.13—4.07 ppm), and the methylene
and terminal methyl protons of the alkyl chains, confirming the expected chemical structure and absence of significant

impurities.

The differences in chemical shift patterns between the C16 and C10 derivatives primarily reflect the
variation in alkyl chain length, which influences the number and position of methylene protons.
These structural differences directly determine key properties such as hydrophobicity and molecular
packing, crucial parameters when these ionic liquids are used to functionalize PLGA nanoparticles.
In particular, longer chains (C16) increase lipophilicity and can promote more stable interaction
with cell membranes, while shorter chains (C10) reduce hydrophobicity, favoring faster diffusion
but less intense surface adsorption [78].These NMR data therefore not only confirm the chemical
identity and purity of the synthesized ILs, but also provide a structural basis for interpreting the
differences observed in their biological behavior in both 2D and 3D models, as well as their impact

on the functional properties of PLGA-based nanoparticles.
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4.1.2 ILs in vitro biocompatibility studies

ILs, particularly imidazolium-based ionic salts, are increasingly explored as functional components
in nanoparticles formulations for gene delivery due to their tunable amphiphilicity, cationic
character, and ability to modulate surface properties [75]. When incorporated into polymeric or
hybrid nanocarriers, ILs can enhance nucleic acid complexation, cellular uptake, and intracellular
trafficking. However, their membrane-active nature raises important safety considerations, making
it essential to carefully evaluate their intrinsic cytotoxicity and selectivity prior to nanoparticle
formulation. In this context, a screening was conducted to assess the tolerability of a structurally
diverse panel of imidazolium salts in healthy and cancerous prostate cells. The aim of this study was
not to evaluate ILs as standalone therapeutics, but rather to identify ionic salts with favorable
biocompatibility and selectivity profiles that could be safely integrated into nanoparticle systems
for gene delivery applications. As shown in Table 9, a large panel of structurally diverse ILs was
selected for this study, including imidazole derivatives with different alkyl chain lengths, aromatic
substitutions, and different counterions. Cell viability was assessed using a CCK-8 assay in PNT-2
and DU145 cell lines. PNT-2 cells, representing non-malignant prostate epithelial cells, were
employed to evaluate biocompatibility toward healthy tissue, while DU145 cells, a human prostate
carcinoma cell line, were used to assess selective cytotoxicity against malignant cells. This dual-
cell model enabled a direct comparison between safety in normal cells and therapeutic selectivity
toward cancer cells. The compounds were tested at concentrations ranging from 0.025 to 2.0 ug/mL
to identify a concentration range that preserves cell viability in both healthy and tumor cells,
ensuring their suitability for use as coatings on PLGA-based nanoparticles and for subsequent
siRNA delivery applications. In PNT2 cells, exposure to the different ionic salts did not result in a
significant reduction in cell viability, which generally remained above 80% for both 24 and 72 hours
of treatment. Notably, at the lowest concentrations (0.025-0.1 pg/mL), viability consistently
exceeded 90% for all compounds tested, indicating negligible cytotoxic effects. Even at the highest
concentrations (1.0-2.0 pg/mL), only slight decreases in viability were observed, with the most
notable effect associated with C16MImCI after 72 hours. However, it is crucial to emphasize that in
no case did cell survival fall below the critical threshold of 70%. This value is defined by the
international standard ISO 10993-5 as the minimum viability limit below which a material is
considered cytotoxic [79]. Full compliance with these international standards confirms the
biocompatibility of imidazolium salts and supports their suitability as functionalizing agents for
nanoparticles. Furthermore, the relative resistance of healthy cells to imidazolium salts suggests that
non-tumorigenic cells possess more efficient protective mechanisms against oxidative stress and
membrane alterations induced by amphiphilic cations (Figure 10).
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Figure 10. Assessment of cell viability in non-tumorigenic prostate epithelial cells (PNT2) following exposure to
selected ionic liquids. Cell viability was measured using the CCK-8 assay after A) 24 h and B) 72 h of treatment with
concentrations ranging from 0.025 to 2.0 pg/mL. Results are expressed as mean + SD (n = 3). Statistical significance

compared with the untreated control: (*) 0.05 <p <0.10; (**) 0.01 <p <0.05; (***) 0.001 <p <0.01; (****) p < 0.001.

The data obtained with the CCK-8 assay were further confirmed by live/dead staining. PNT2 cells
treated with CioMImCl, C1sMImCl, and C;sBnImCl at concentrations of 0.1, 0.5, and 1.0 pg/mL

displayed predominantly green fluorescence, indicative of membrane integrity and preserved
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metabolic activity. Only minimal red fluorescence signals, indicative of cell death, were observed,
primarily at the highest concentration of C1sMImCI (1.0 pg/mL), confirming the high tolerability of

ILs in healthy cells even at doses higher than those required to induce cytotoxic effects in tumor cells

(Figure 11).
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Figure 11. Assessment of cell viability in non-tumorigenic prostate epithelial cells (PNT2) following exposure to
selected ionic liquids. Representative fluorescence images from the live/dead assay performed on non-tumorigenic
prostate epithelial cells (PNT2) after 24 h of exposure to C;oMImCl, C;sMImCl, and C;¢BnImCl at 0.1, 0.5, and 1.0

pg/mL. Viable cells are visualized in green fluorescence, while dead cells appear in red.

In contrast, DU145 cells showed a dose-dependent decrease in viability when exposed to the panel
of selected ILs. A reduction in cell survival was observed at concentrations between 0.1 and 2.0
ng/mL, with more pronounced effects at higher doses. Specifically, C1sBnlmCI caused a more marked
reduction in the fraction of viable cells compared to untreated controls, suggesting that certain
structural modifications of ionic liquids may modulate cytotoxicity at high concentrations. These
results indicate that ILs can have significant biological effects when used at high doses, potentially

exploitable for antitumor activity (Figure 12).
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Figure 12. Assessment of DU145 prostate cancer cell viability following exposure to selected ionic ILs. Cells were
treated for A) 24 h and B) 72 h with increasing concentrations (0.025-2.0 pg/mL), and viability was quantified using the
CCK-8 assay. Results are expressed as mean = SD (n = 3). Statistical significance compared with the untreated control:

(*) 0.05 < p < 0.10; (**) 0.01 < p < 0.05; (***) 0.001 < p < 0.01; (****) p < 0.001.

Live/dead staining corroborated the findings of the viability assays by visually illustrating the
concentration-dependent effects of ionic liquids on cellular viability. At lower concentrations, the
majority of cells remained viable, as evidenced by predominant green fluorescence. However, as the
concentration of the compounds increased, a progressive reduction in green-stained viable cells was
observed, accompanied by a marked increase in red-stained dead cells. This trend clearly indicates a
dose-dependent cytotoxic response to the ionic liquids (Figure 13).
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Among the ionic liquids evaluated, Ci1¢BnlmCl exhibited the most pronounced cytotoxic effect,
completely abolishing green fluorescence at a concentration of 1.0 pg/mL. In contrast, C;oMImCl and
Ci1sMImCI induced less severe, though still detectable, reductions in cell viability. These findings
underscore the role of specific structural features, particularly benzyl substitution, in modulating
cellular interactions at higher concentrations.

The inclusion of benzyl-substituted ionic salts such as CisBnlmCl was intentionally guided by
bioinspiration from lepidilines, a family of naturally occurring benzylquinoline and
benzylisoquinoline alkaloids whose natural isolates and synthetic analogues have demonstrated
notable cytotoxic and antimicrobial activities. Structural motifs characteristic of lepidilines and
related benzyl-isoquinoline/benzyl-quinoline compounds have repeatedly been associated with
antitumor and antimicrobial efficacy, with several studies reporting selective cytotoxicity across
cancer cell lines and structure—activity relationships implicating benzyl and other aromatic
substructures as key pharmacophoric elements [80,81].

Accordingly, the incorporation of a benzyl substituent into the imidazole core represents a bioinspired
design strategy aimed at mimicking these pharmacophore features, namely, a planar aromatic system
combined with a lipophilic benzyl moiety. These characteristics are known to enhance membrane
affinity and cellular uptake and to influence target interactions in quinoline and isoquinoline
derivatives. Consistent with this rationale, previous synthetic and biological investigations of
lepidilines and benzylisoquinoline derivatives have reported enhanced antiproliferative activity and,
in some cases, increased selectivity for benzyl-substituted analogues. Collectively, these observations
support the hypothesis that benzylation of the imidazole scaffold may contribute to increased
cytotoxic potency against prostate cancer cells through augmented lipophilicity and membrane
interactions.

Importantly, despite their pronounced effects at higher concentrations, these ionic liquids maintained
acceptable biocompatibility at lower doses, confirming their suitability for use as nanoparticle
coatings. Under these conditions, cell viability was preserved, and the functional properties required

for gene delivery applications were retained.
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Figure 13. Assessment of DU145 prostate cancer cell viability following exposure to selected ionic ILs
Representative fluorescence images from the live/dead assay performed on DU145 prostate cancer cells after 24 h
exposure to the ionic liquids CioMImCI, C;sMImCIl, and C;sBnImCl at 0.1, 0.5, and 1.0 ug/mL. Viable cells are visualized

by green fluorescence, while dead cells appear red.
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These results identified a concentration range in which imidazolium-based ionic salts can be
considered biologically safe for both non-tumorigenic (PNT2) and prostate cancer (DU145) cells.
Across the entire panel of ionic salts tested, cell viability in PNT2 cells consistently remained above
commonly accepted biocompatibility thresholds at concentrations up to 2.0 pg/mL, indicating good
tolerability of these compounds in healthy prostatic epithelial cells. In DU145 cells, a clear dose-
dependent reduction in viability was observed only at higher concentrations; however, cell survival
remained acceptable at lower concentrations, particularly in the submicrogram range. Analyzing the
different ionic salts, derivatives with Cio and Cis alkyl chains stood out for the best safety and
selectivity profile, showing little impact on the viability of both healthy and cancer cells. Overall,
these results successfully identified imidazolium salts with favorable characteristics, supporting their
use as functional components in nanoparticle-based gene delivery systems. In particular, C;oMImCI
and CisMImCl emerge as ideal candidates for incorporation into PLGA nanoparticles, whose
physicochemical properties were exploited to optimize siRNA loading while ensuring an acceptable

biocompatibility profile.

4.1.3 Selective ILs-induced oxidative stress

Oxidative stress is a well-recognized mechanism through which many amphiphilic and cationic
compounds exert biological effects, particularly in cancer cells, which are characterized by altered
redox homeostasis and elevated basal levels of reactive oxygen species (ROS). Excessive ROS
production can disrupt mitochondrial function, induce oxidative damage to cellular macromolecules,
and ultimately lead to cell death. Conversely, normal cells typically possess more efficient antioxidant
defense systems, enabling them to tolerate moderate oxidative challenges. In the context of ionic salts
intended for incorporation into nanoparticle-based gene delivery systems, it is therefore essential to
evaluate whether their intrinsic biological activity induces oxidative stress in a dose- and cell-type—
dependent manner. Accordingly, intracellular ROS generation was assessed in non-tumorigenic and
malignant prostate cell lines following exposure to selected imidazolium-based ionic salts.

Intracellular ROS production was quantified using the fluorescent probe DCFH-DA (20 uM) after 24
h treatment with C;oMImCI, CisMImCI, and C1sBnImClI at increasing concentrations (0.1, 0.5, and
1.0 pg/mL). In PNT-2 cells, ROS levels remained low and comparable to untreated controls across
all concentrations tested, indicating the absence of significant oxidative stress. Even at the highest
concentration, fluorescence signals did not deviate from baseline, confirming that these ionic salts do

not induce measurable ROS accumulation in normal prostate epithelial cells.
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In contrast, DU145 prostate cancer cells exhibited a clear, dose-dependent increase in intracellular
ROS levels (Figure 14). The strongest ROS induction was observed for CioMImCI at 1.0 pug/mL,
followed by Ci¢BnImCl, while CisMImCI elicited a more moderate increase. This pattern closely
mirrors the trends observed in cytotoxicity assays, suggesting that oxidative stress contributes to the
anticancer activity of these compounds. The selective induction of ROS in malignant cells highlights

a redox vulnerability that may be therapeutically exploited.
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Figure 14. ILs-induced oxidative stress. Measurement of reactive oxygen species (ROS) levels in A) PNT2 and B)

DU145 cells following 24 h exposure to the ionic liquids C;oMImCl, Ci;sMImCl, and CisBnlmCl at 0.1, 0.5, and 1.0
pg/mL. ROS production was evaluated by fluorescence quantification. Data represent mean + SD (n = 3). Statistical

significance compared with the untreated control: (**) 0.01 <p <0.05; (¥****) p <0.001

Importantly, while C1sBnImCl displayed a pronounced pro-oxidant and cytotoxic profile, C10MImCl
and C1sMImCI exhibited more balanced behavior, characterized by minimal oxidative stress in non-
malignant cells and a controlled, dose-dependent ROS induction in cancer cells. This more favorable
safety profile supports their selection for further development as surface-modifying agents for PLGA
nanoparticles, where maintaining cell viability and minimizing unintended oxidative damage are

essential for efficient and safe siRNA loading and delivery.
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4.1.4 In vitro assessment of ILs-induced activation of apoptosis

Assessment of apoptosis and necrosis is essential to clarify the mechanisms underlying changes in
cell viability observed in preliminary cytotoxicity studies. While reductions in metabolic activity can
arise from reversible cytostatic effects, the activation of apoptotic or necrotic pathways reflects more
profound cellular damage and has important implications for both safety and selectivity. For ionic
salts intended for integration into nanoparticle-based gene delivery systems, it is particularly
important to ensure that they do not trigger programmed cell death in healthy cells within the intended
concentration range. At the same time, differential activation of apoptosis in cancer cells may provide
useful information on selective biological responses. In this context, Annexin V-FITC and propidium
iodide (PI) staining followed by flow cytometry was employed to investigate apoptosis and necrosis
induced by selected imidazolium salts in non-tumorigenic and malignant prostate cells. PNT2 and
DU145 cells were treated for 24 hours with increasing concentrations of 0.1, 0.5, and 1.0 pg/mL of
the compounds. For PNT2 cells, the majority of the cell population remained in the viable cell gate
under all conditions tested, with only a small fraction showing apoptotic or necrotic signals at higher
concentrations, especially for C;sMImCIl. No significant differences were observed compared to
untreated controls, confirming that ILs exert negligible cytotoxic pressure on non-tumorigenic
prostatic epithelial cells. These results indicate that imidazole salts do not activate major apoptotic or

necrotic pathways in normal cells, consistent with their favorable safety profile (Figure 15).
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Figure 15. ILs-induced activation of apoptosis in non-tumorigenic prostate epithelial cells (PNT2). Representative
flow cytometry dot plots of non-tumorigenic prostate epithelial cells (PNT2) following 24 h exposure to the ionic liquids
Ci1oMImCl, CisMImCl, and CisBnIlmCl at 0.1, 0.5, and 1.0 pg/mL. The plots display the gating strategy used to distinguish

viable cells from apoptotic and necrotic populations.

In DU145, however, flow cytometry revealed a clear dose-dependent effect. As ILs concentrations
increased, a large portion of the cell population shifted from the viable cell gate to the apoptotic and
necrotic quadrants. The most pronounced effect was observed with C1sBnImCl at 1.0 pg/mL, which
induced high levels of late apoptosis and necrosis. C1sMImCI and C1oMImCl showed more moderate
cytotoxic activity, confirming that imidazole salts selectively activate programmed death pathways

in aggressive tumor cells (Figure 16).
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Figure 16. ILs-induced activation of apoptosis in DU145 cancer cells. Representative flow cytometry dot plots of
DU145 prostate cancer cells following 24 h exposure to the ionic liquids C;oMImCl, C;sMImCl, and C;sBnImCl at 0.1,
0.5, and 1.0 ug/mL. The plots illustrate the distribution of viable, apoptotic, and necrotic cell populations.

The apoptosis analysis provides important confirmation of the cytotoxicity and ROS data, helping to
distinguish between general metabolic impairment and the activation of defined cell death pathways.
The preservation of viability and the minimal induction of apoptosis or necrosis in PNT2 cells across
all tested concentrations indicate that imidazolium-based ionic salts do not trigger deleterious death
signaling in healthy prostate epithelial cells within the identified safe range. This finding is
particularly relevant for their intended use as functional components in nanoparticle formulations,
where maintaining the integrity of normal cells is a primary requirement. In contrast, the pronounced
and dose-dependent induction of apoptosis in DU145 cells demonstrates that malignant prostate cells

are significantly more susceptible to [Ls-induced cell death. This selective response is consistent with
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earlier observations of increased ROS production and reduced viability in DU145 cells and suggests
that oxidative stress and membrane perturbation converge on apoptotic pathways in cancer cells. The
progression from early apoptosis to late apoptosis and necrosis at higher concentrations further
indicates that increasing ILs exposure overwhelms tumor cell defense mechanisms.

Overall, this apoptosis study reinforces the conclusion that imidazolium salts display a favorable
safety profile in non-tumorigenic cells and a distinct, concentration-dependent biological response in
prostate cancer cells. By defining concentrations that do not induce ROS production and do not
activate apoptotic pathways in cells, these results support the use of selected ionic salts within a

controlled window for nanoparticle-based gene delivery applications.

4.1.5 Effect of Ionic Liquids on cell migration

Cell migration is a fundamental biological process involved in tissue homeostasis and repair, but it
also plays a critical role in cancer invasion and metastasis. The wound-healing assay is widely used
to assess collective cell migration and provides functional insight into how chemical agents influence
cytoskeletal organization, cell—cell interactions, and adhesion dynamics. In the context of ionic salts
intended for use as functional components of nanoparticle-based gene delivery systems, it is essential
to verify that they do not adversely affect the migratory capacity of healthy cells within the selected
concentration range. At the same time, differential effects on tumor cell migration may indicate
selective biological responses that could be therapeutically advantageous. In this context, the effects
of selected imidazolium-based ionic salts on the migratory behavior of non-tumorigenic and
malignant prostate cells were systematically evaluated. The wound healing assay was used to assess
the impact of ILs on the migratory capacity of PNT2 and DU145 prostate cells. After 24 hours of
seeding, cells were treated with C;oMImCI, C1sMImCI, and CisBnlmCl at concentrations ranging
from 0.1 to 1.0 pg/mL, and the scratch area was monitored for 72 hours by imaging at regular
intervals. In PNT-2 cells, the scratch progressively closed under all treatment conditions, indicating
that neither migratory behavior nor proliferative capacity were compromised. No statistically
significant differences were observed compared to untreated controls, confirming that these ionic
salts do not interfere with essential cellular functions in non-malignant prostate epithelial cells. These
findings are consistent with viability data, which showed preserved cell morphology and
proliferation, suggesting that cytoskeletal organization, cell adhesion, and intercellular

communication remain functionally intact following treatment (Figure 17).
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Figure 17. ILs-mediated effects on cell migration in non-tumorigenic prostate epithelial cells (PNT2).

Representative images from the scratch assay performed on non-tumorigenic prostate epithelial cells (PNT2) following
treatment with the ionic liquids C;oMImCl, CisMImCI, and CisBnlmCl at 0.1, 0.5, and 1.0 pg/mL. Images were collected

at 0, 24, 48, and 72 h to evaluate cell migration dynamics and wound closure.
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In contrast, treatment of DU145 cells resulted in a marked inhibition of cell migration, with a clear
concentration-dependent effect. While control cells progressively closed the wound, treated cultures
retained substantial open areas over time. Among the tested compounds, CisBnlmCl at 1.0 pg/mL
almost completely suppressed migratory activity, whereas C1oMImCI and CisMImCl induced partial
but reproducible inhibition, indicative of a more moderate effect on tumor cell motility. These results
indicate that ionic salts selectively impair migration in malignant cells, a key hallmark of tumor
aggressiveness, while sparing healthy cells. The observed inhibition of migration in DU145 cells may
be associated with alterations in cytoskeletal remodeling and signaling pathways involved in
invasiveness, including Rho GTPase signaling and integrin-mediated adhesion. Overall, these
findings confirm the selective biological activity of imidazolium-based ionic salts toward malignant
cells, suggesting a potential anti-migratory or antimetastatic effect, while non-tumorigenic cells retain

normal migratory and proliferative functions (Figure 18).
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Figure 18. ILs-mediated effects on cell migration in DU145 cancer cells. Representative images from the scratch assay

of DU145 prostate cancer cells following treatment with the ionic liquids C;oMImCl, C;sMImCI, and C;¢BnImCl (0.1-

1.0 pg/mL). Images were acquired at 0, 24, 48, and 72 h to assess the effects of treatment on cell migration and wound

closure.

Importantly, although C1sBnImCI exhibited the strongest inhibitory effect on cancer cell migration,

its pronounced biological activity at higher concentrations may limit its suitability for incorporation

into nanoparticle-based delivery systems. In contrast, CioMImCI and CisMImCl demonstrated a more
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balanced profile, characterized by preserved migration in healthy cells and controlled inhibition in
malignant cells. This balance is particularly desirable for PLGA nanoparticle functionalization, where
maintaining normal cellular behavior while enabling selective biological interactions is essential for
effective and safe siRNA loading and delivery.

Together with viability, ROS, and apoptosis analyses, the migration assay provides functional
confirmation that CioMImCl and Ci;sMImCI represent the most suitable candidates for further
development in nanoparticle-based gene delivery applications, combining biocompatibility,

selectivity, and functional safety.

4.2 PLGA-ILs preparation and characterization

PLGA nanoparticles have been widely investigated as drug delivery systems due to their
biocompatibility, biodegradability, and versatility in surface functionalization [82,83]. For example,
PLGA-based nanocarriers have been employed for the encapsulation and controlled release of
anticancer drugs such as doxorubicin and paclitaxel, for the delivery of antibiotics and anti-
inflammatory agents, and for the transport of nucleic acids and vaccines, demonstrating their broad
applicability across different therapeutic areas [84].

In recent years, the incorporation of ILs onto polymeric nanocarriers has attracted increasing attention
as a strategy to modulate surface charge, colloidal stability, and potential biological interactions [85].
For instance, ILs-functionalized polymeric nanoparticles have been reported to exhibit enhanced
electrostatic stabilization in aqueous media, improved interaction with negatively charged cell
membranes, and increased antimicrobial or anticancer activity depending on the nature of the ionic
moiety. In particular, the grafting or adsorption of cationic ILs onto polymeric surfaces has been
shown to improve nanoparticle dispersion, prolong colloidal stability, and facilitate cellular uptake
through charge-mediated mechanisms [52]. In this context, imidazole-based ionic liquids,
characterized by tunable alkyl chain lengths and a positively charged imidazolium ring, represent
promising candidates for nanoparticle functionalization, as their amphiphilic structure allows fine
control over surface properties and biological interactions. The following section describes the
synthesis of PLGA-based nanocarriers functionalized with imidazole ILs and their physicochemical
characterization. PLGA-based nanocarriers functionalized with imidazole ionic liquids were prepared
using an oil-in-water microemulsion method (Figure 19). Specifically, the ionic liquids CisMImCl
and C1oMImClI, containing hexadecyl and decyl alkyl chains, respectively, were dissolved in ultrapure
water to form the continuous phase, while the organic phase, consisting of PLGA in chloroform, was

slowly added while stirring. Subsequently, the mixture was subjected to sonication, resulting in a
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stable microemulsion, and the organic solvent was removed by evaporation under constant stirring.
At the end of the process, the spontaneous formation of nanosystems coated with ionic liquids was

observed.

C16MimCl
it PLGA-C16MimCl PLGA-C1OMimCl

ILs

CHdl, / H,0
emulsion

C10MimCl

N7 2 INH

Figure 19. Preparation scheme of PLGA-ILs nanoparticles. Schematic representation of the preparation process of
PLGA-based nanoparticles functionalized with imidazole ionic liquids (C1sMImCI and CoMImCIl). The aqueous phase
containing the ionic liquids was mixed with the organic phase containing PLGA in chloroform to obtain an oil-in-water
emulsion. Subsequently, solvent evaporation and centrifugation allowed the formation and purification of the

nanoparticles coated with ionic liquids (PLGA-CsMImCl and PLGA-C;oMImCl).

To evaluate the morphology, size distribution, surface charge, and colloidal stability of the PLGA-
ILs NPs nanoparticles, morphological and dimensional characterization was performed using TEM,
DLS, and ( potential measurements (Figure 20). TEM images showed spherical nanoparticles with
dimensions ranging from 170 to 200 nm for both PLGA-C16 and PLGA-C10 NPs. These values
agree with what was reported in previous studies on PLGA nanoparticles functionalized with similar
cationic or amphiphilic components, which presented comparable morphology and dimensions,
confirming the reproducibility of the adopted formulation strategy [28](Figure 20A). DLS analyses
confirmed the presence of a monomodal distribution for both nanosystems. The mean hydrodynamic
diameter was 182 £+ 5.8 nm for PLGA-C16 and 170 = 11.11 nm for PLGA-C10. In both cases, the
polydispersity index (PDI) was less than 0.3, a value indicative of good dimensional homogeneity
[86]. Amphiphilic imidazolium-based ionic liquids such as CioMImCI and Ci;sMImCI, characterized

by a charged imidazolium headgroup and a hydrophobic alkyl chain, are known to exhibit surfactant-

78



like behavior in aqueous media. Above their critical aggregation concentration, these molecules may
spontaneously self-assemble into micelle-like structures driven by hydrophobic interactions, as
previously reported for long-chain 1-alkyl-3-methylimidazolium salts [87]. However, under the
formulation conditions adopted in this study, DLS analysis revealed a strictly monomodal size
distribution with no evidence of secondary populations in the lower nanometric range that could be
attributed to independent IL micelles. This finding strongly supports the formation of a single
population of hybrid PLGA-functionalized nanoparticles, in which the ionic liquid is associated with
the polymeric matrix rather than forming separate self-assembled aggregates. Finally, the
determination of the { potential highlighted a positive surface charge for both types of nanoparticles,
with values equal to +41,6 £ 0.3 mV for PLGA-C16 and +45.26 £2.10 mV for PLGA-C10 NPs,
confirming the colloidal stability of the nanosystems in aqueous suspension and finding no substantial
differences after the loading of dichlorofluorescein. (Figure 20B). In previous studies, PLGA
nanoparticles functionalized with ILs have shown similar positive { potential values and prolonged
colloidal stability over time, confirming that the positive surface charge contributes to maintaining
the dispersion stable in aqueous suspension [83]. Furthermore, to evaluate the long-term stability of
the nanosystems, a stability study was conducted in aqueous solution at 4 °C, monitoring changes in
hydrodynamic diameter (Dh) for up to 120 days. As shown in Figure 20C, the ionic liquid-
functionalized nanoparticles exhibited good dimensional stability for up to 3 months, with Dh values
remaining essentially constant during this time interval. After 120 days, a slight increase in size was
observed, indicating minimal change in size beyond the 3-month period.

Overall, the obtained results demonstrate that the oil-in-water microemulsion method is a reliable and
reproducible approach for the preparation of PLGA nanoparticles functionalized with imidazole-
based ionic liquids. The nanosystems exhibited suitable dimensions in the nanometric range, narrow
size distributions, and a highly positive surface charge, all of which are key parameters for the
development of efficient nanocarriers. Nanoparticles with sizes around 150-200 nm are particularly
advantageous for biomedical applications, as they can promote cellular internalization while limiting
rapid clearance and the low PDI values indicate a homogeneous population that is essential for
reproducible biological performance [88].

The positive  potential values observed for both PLGA-C16 and PLGA-C10 nanoparticles can be
directly attributed to the presence of the imidazolium-based ionic liquids at the nanoparticle surface.
This cationic character not only contributes to electrostatic stabilization in aqueous environments,
preventing aggregation over time, but also represents a relevant feature for interaction with negatively
charged biological membranes and biomolecules (i.e., siRNA). In particular, such surface properties

are highly desirable for gene loading and delivery applications, where electrostatic interactions
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between cationic carriers and anionic nucleic acids can facilitate efficient complexation and
protection of genetic material.

Moreover, the comparable physicochemical properties obtained for nanoparticles functionalized with
ILs bearing different alkyl chain lengths suggest that the formulation strategy is robust and adaptable.
While variations in alkyl chain length may influence hydrophobic interactions, membrane affinity,
and biological responses, they did not compromise nanoparticle formation or colloidal stability,
indicating the possibility of fine-tuning surface characteristics without altering the overall
nanosystem integrity.

Finally, the demonstrated long-term stability of the PLGA-ILs nanoparticles under refrigerated
storage conditions further highlights their robustness and practical applicability. Stability over
extended periods is a critical requirement for the translation of nanocarriers from laboratory-scale
preparation to real-world biomedical use [89]. Taken together, these findings support the potential of
imidazole-based ionic liquid—functionalized PLGA nanoparticles as versatile and stable platforms for
advanced drug and gene delivery applications, warranting further investigation into their loading

capacity, biological performance, and therapeutic efficacy.
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PLGA-C16MimCl PLGA-C10MimCl

PLGA-Ils D, (nm) PDI Z(mV)
PLGA-C16 NPs DCF 182,76 8,20 £ 8,02 0,184 +41,6
PLGA-C16 NPs No DCF 180,9+ 2,77 0,10 +45,8
PLGA-C10 NPs DCF 190 = 10,47 0,17 +42,7
PLGA-C10 NPs No DCF 169,9+ 14,9 0,201 +45,17
(B)
Stability 90d 120d
PLGA- C16 NPs 182,77+5,83 204,77+25,87
PLGA-C10 NPs 184 18,74 219,77+8,16
(C)

Figure 20. Morphological and physicochemical characterization of PLGA-ILs NPs. A) Representative TEM
morphology of PLGA-Ci;sMImCl and PLGA-C10MImCI nanoparticles. Scale bars: 100-500 nm and 1 um. B) Table of
the average hydrodynamic dimensions, PDI, and C-potential of PLGA-C16 and PLGA-C10 nanoparticles, obtained by
DLS analysis. Values are expressed as mean + standard deviation (n = 3). C) C) Evaluation of the stability of PLGA-ILs
up to 120 days.

4.3 LGIP NPs synthesis and characterization

Cationic polymer—based nanoparticles have been extensively explored for nucleic acid delivery due
to their ability to electrostatically interact with negatively charged genetic material and promote
cellular uptake [90]. Among these polymers, PEI is widely recognized for its high transfection
efficiency, although its direct use is often limited by cytotoxicity. For example, PLGA—PEI
copolymers have been successfully employed for the delivery of plasmid DNA, siRNA, and mRNA,
showing improved nucleic acid complexation, enhanced cellular uptake, and higher transfection
efficiency compared to non-functionalized PLGA nanoparticles. In several studies, PEI-grafted
PLGA systems also demonstrated reduced cytotoxicity relative to free PEI while maintaining

effective gene delivery performance, highlighting their potential for safe and efficient nucleic acid
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delivery applications [46]. In this section, LGIP NPs were synthesized and characterized, confirming
successful PEI conjugation.

LGIP NPs formulations were prepared using the nanoprecipitation method followed by a solvent
evaporation process (Figure 21). LGIP polymer was dissolved in THF, dried and nanoprecipitated in
nuclease-free H20; the organic solvent was evaporated under vacuum, and the aqueous solution was
then filtered through 0.45 pm filters, obtaining a 1 mg/mL nanoparticles solution (Figure 21A). The
conjugation of PEI to PLGA was confirmed by H-NMR, which confirmed the successful conjugation
of PEI by the appearance of two triplets at 3.90 and 4.36 ppm related to the protons of CH> groups of
PEI involved in the formation of new bonds with PLGA. Other proton peaks at 1.46, 4.90, and 5.18
ppm corresponding respectively to the -CHs, -CHz- and -CH- protons of PLGA were observe [56] .A
peak at 2.99 ppm was also found assigned to the terminal -N-CHj3 protons of PEI units. The presence
of overlapping peaks given by the presence of the solvents used for NP preparation masked the
presence of other distinctive PEI peaks. In addition, PLGA/PEI ratio in the final product was
determined by NMR analysis. Based on the theoretical molar ratio used in the reaction feed
(PLGA/PEI = 1:1), corresponding to a 10:1 ratio of PLA to PEI repeating units, NMR integration
revealed a PLA/PEI ratio of approximately 20:1 in the LGIP product. This value was obtained by
comparing the integrals of the characteristic -CHs signals of the PLA repeating units with those of
the terminal —CHs protons of PEI, indicating an effective PLGA functionalization of approximately
50% (Figure 21B). FTIR spectra also showed the conjugation of PEI units to PLGA. The peak related
to the bending of PEI -NH- amino groups at 1622 cm™!, and the -NH- stretching band in the range
3124 - 3707 cm’! were respectively visible. Less relevant was the stretching vibration of the -O-C=0
ester bond in PLGA at 1745 cm™!, as well as additional characteristic peaks of PLGA moieties

detected in the LGIP spectrum (Figure 21C) [82].
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Figure 21. Synthesis and characterization of the LGIP polymer. A) Synthesis of the LGIP polymer by conjugating
PLGA (75:25, 66—107 kDa) with linear PEI (4 kDa) in a 1:1 molar ratio, after activation of the terminal carboxyl group
of PLGA with NHS/EDC. B) DMSO-d6 H NMR spectra of PLGA and the LGIP product. C) IR spectra of PLGA and the
LGIP product: the peak at 1622 cm™!, attributable to the bending of the PEI amino groups, confirms the presence of PEI

in the polymer.

The combined results obtained from NMR and FTIR analyses clearly confirm the successful
conjugation of PEI to the PLGA backbone, validating the synthesis of LGIP nanoparticles. The
appearance of characteristic PEI proton signals in the NMR spectrum, together with the retention of
PLGA-specific peaks, demonstrates that the polymer structure was preserved during
functionalization. Although some PEI resonances were partially masked by solvent-related signals,
the presence of diagnostic peaks associated with PEI confirms its effective incorporation into the
copolymer. Quantitative NMR analysis further revealed that approximately 50% of the theoretically
available PLGA chains were functionalized with PEI. This partial functionalization is consistent with
previously reported PLGA—PEI systems and represents a favorable balance between achieving
sufficient cationic character and maintaining biocompatibility[83]. Excessive PEI content is often
associated with increased cytotoxicity, whereas moderate grafting degrees have been shown to

enhance gene complexation efficiency while reducing adverse biological effects [43].
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The FTIR data provide complementary evidence of PEI conjugation, particularly through the
presence of —-NH— bending and stretching vibrations, which are absent in native PLGA. The
coexistence of PLGA ester bands and PEI-related amine signals confirms the formation of a hybrid
polymer rather than a simple physical mixture.

Overall, the successful synthesis and characterization of LGIP NPs demonstrate the effectiveness of
the nanoprecipitation approach for generating PEI-functionalized PLGA nanocarriers. The structural
features and controlled PEI content of the LGIP system make it a promising platform for nucleic acid
delivery, combining the gene-condensing capability of PEI with the biodegradability and safety
profile of PLGA. These results provide a solid foundation for further studies addressing nanoparticle
physicochemical properties, gene-loading efficiency, and biological performance.

LGIP nanoparticles were further characterized by transmission electron microscopy and DLS to
evaluate their size, distribution, and surface charge (Figure 22). TEM images show spherical and
well-defined nanoparticles, with a regular morphology and no significant aggregates. Direct diameter
measurements verified the formation of particles within the nanoscale range, supporting their
suitability for efficient siRNA delivery applications (Figure 22A). DLS analysis revealed an average
hydrodynamic size of 117.3 = 2.10 nm, with a polydispersity index of 0.107, indicative of a highly
homogeneous population. The positive { potential (+41.2 + 0.874 mV) suggests high colloidal
stability, favored by the presence of the ionic liquid coating. Furthermore, no differences in size or
zeta potential were detected after the presence of the fluorescent probe. This positive charge also
indicates a good ability to interact with negatively charged cell membranes, favoring internalization
into target cells (Figure 22B).Particles between 100 and 150 nm in size are able to efficiently exploit
cellular endocytosis mechanisms, avoiding rapid drainage from tissues and blood and ensuring
adequate residence time in target cells. Size homogeneity, confirmed by the low PDI, is a critical
factor in ensuring predictable behavior in terms of internalization and release of the gene cargo, as
reported in previous work on polymeric nanoparticles for RNA interference [78]. For LGIP, the
stability study in aqueous solution at 4°C revealed stable dimensional behavior throughout the entire
analysis. As shown in Figure 22C, the hydrodynamic diameter (Dh) remained essentially constant
for up to 120 days, with no significant variations over time. Overall, the data indicate prolonged
dimensional stability for up to four months, confirming the maintenance of LGIP size throughout the
observation period. The positive { potential represents another key parameter, not only for colloidal
stability but also for the efficiency of cellular internalization. The positive surface charge favors
electrostatic interaction with cell membranes, which are typically negatively charged, facilitating
uptake via charge-mediated endocytosis. In the literature, nanoparticles with  potentials above +30

mV have shown increased uptake capacity and reduced aggregation, key characteristics for RNA1
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vectors [35]. These results confirm that LGIP nanoparticles possess the optimal physicochemical
properties for efficient siRNA delivery: uniform nanometer size to ensure effective cellular uptake
and high { potential to ensure colloidal stability and favorable interactions with target cells. The
combination of these characteristics suggests high potential for internalization and controlled release,
consistent with strategies reported in the literature for polymeric nanoparticles functionalized with

cationic groups.

Figure 22. Characterization of LGIP nanoparticles (1 mg/mL). A) Representative TEM morphology of LGIP
nanoparticles. Scale bars: 200 and 500 nm. B) The size distribution of the nanoparticles was measured by DLS, reporting
the mean values of Dh, PDI, and { potential at different times. The data indicate that the nanoparticles maintain a stable
size and positive surface charge over time, suggesting good colloidal stability. Values are expressed as mean + standard

deviation (n = 3). C) Evaluation of the stability of LGIP NPs up to 120 days.

(A)
LGP 1mg/mL D, (hm) PDI Z(mV)
LGIP DCF 123,3+2,108 0,107 +41,2
LGIPNODCF  125,2+0,73 0,098 +39,8
(B)
Stability 90d 120d
LGIP NPs 134,2 £1.802 122,7+0.173
(C)
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4.4 PLGA-ILs Nanoparticles in vitro biocompatibility

In vitro biocompatibility assessment is a crucial step in the development of nanoparticle-based
delivery systems, as it provides preliminary information on their safety and potential biological
impact prior to in vivo studies. In particular, polymeric nanoparticles functionalized with cationic
groups, such as ionic liquids, require careful evaluation, as surface charge can affect cell viability,
membrane integrity, and proliferation. Standardized cytotoxicity assays, conducted on both healthy
and tumor cell lines, are widely used to study dose- and time-dependent cellular responses and to
ensure compliance with international biocompatibility criteria [84]. In this study, the Alamar Blue
assay was used to evaluate the cytocompatibility of PLGA nanoparticles functionalized with PLGA-
ILs on DU145 prostate cancer cells and non-cancerous PNT2 prostatic epithelial cells. An initial
screening of a large panel of ionic liquids revealed significant differences in cytotoxicity as a function
of their chemical structure and concentration. Most compounds exhibited dose-dependent behavior:
at low concentrations (0.025-0.1 pg/mL), cell viability was high, while higher concentrations (0.5-2
pg/mL) resulted in increased cell death, particularly for compounds with long alkyl chains or bulky
benzyl substituents. Among the tested compounds, C1oMImCI and Ci1sMImCI exhibited a favorable
cytotoxicity profile, with cell viability exceeding 70% at concentrations lower than 0.5—1 pg/mL and
significant reductions only at higher doses. These results guided the selection of CioMImCl and
C16MImCI for the functionalization of PLGA nanoparticles. Coating concentrations were quantified
by UV analysis, allowing precise determination of the amount of ionic liquid adsorbed onto the
surface of PLGA nanoparticles. The measured coating levels were markedly lower than the
concentrations shown to induce cytotoxicity in in vitro assays. Under these conditions, nanoparticles
functionality was preserved, and no adverse effects on healthy cells were observed. In addition, ionic
liquids with intermediate alkyl chain lengths exhibited efficient adsorption onto the polymer surface
and enabled controlled siRNA release [36].Consistently, DU145 and PNT-2 cells treated with PLGA—
IL nanoparticles for 24 and 72 h at increasing concentrations (150-500 ng/mL and 5-100 pg/mL)
exhibited cell viability values consistently above 70%. According to ISO 10993-5 guidelines, these
results indicate the absence of cytotoxic effects and confirm the biocompatibility of the developed
nanosystems. A moderate reduction in cell proliferation was observed at higher nanoparticle
concentrations and longer exposure times; however, viability values remained within the non-
cytotoxic range defined by the standard (Figure 23 B,D). This appears to be dose- and time-
dependent, suggesting a cytostatic rather than cytotoxic response [47]. This behavior is commonly
reported for cationic nanomaterials and may be associated with transient alterations in cellular

metabolism or cell cycle progression rather than irreversible cell damage [59]. Importantly, the
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absence of severe toxicity even at the highest concentrations tested highlights the mitigating role of
the PLGA matrix, which likely attenuates the membrane-disruptive effects typically associated with
highly cationic surfaces. The similar trends observed in both DU145 and PNT?2 cells further indicate
that the PLGA-ILs nanoparticles do not exhibit pronounced selectivity toward healthy versus cancer
cells in terms of acute cytotoxicity (Figure 23 A,C). This is a desirable feature for nanocarriers
intended for drug or gene delivery, as it suggests that the carrier itself does not induce nonspecific
toxicity and that therapeutic efficacy can be primarily attributed to the loaded cargo. Moreover, the
moderate reduction in proliferation at elevated concentrations could be advantageous in certain
therapeutic contexts, such as cancer treatment, where a cytostatic contribution from the carrier may
synergize with the delivered drug [39]. Overall, these findings are consistent with previous reports
on PLGA nanoparticles functionalized with ionic liquids or other cationic moieties, which have
demonstrated acceptable cytocompatibility profiles despite enhanced surface charge [52,53]. The
results confirm that the incorporation of imidazole-based ionic liquids onto PLGA nanoparticles does
not compromise their biocompatibility and supports their further development as safe and effective

platforms for drug and gene delivery applications.
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Figure 23. Biocompatibility assay on DU145 and PNT2 cells at different concentrations of PLGA-ILs NPs.

Cell viability assessment by the Alamar Blue assay after treatment with increasing concentrations (from 150 ng/mL to
100 pg/mL) of PLGA-C16 (A, B) and PLGA-C10 (C, D) nanoparticles on DU145 and PNT2 for 24 and 72 hours. Results
are expressed as percentage of cell viability normalized with respect to the untreated control. Data represent the mean of
three independent experiments (n = 3) + standard deviation (SD). Statistical analysis was performed by two-way ANOVA
followed by a multiple comparison post-test with respect to the control. Significance levels are indicated as follows: (*)

0.01 <p<0.05; (**)0.001 <p < 0.01; (#) p < 0.001.

4.5 LGIP Nanoparticles in vitro biocompatibility

While PEI is known for its high transfection efficiency, its use is often associated with dose-
dependent cytotoxicity, making it essential to evaluate whether its conjugation to biodegradable
polymers can effectively mitigate adverse biological effects [91]. Here, the biocompatibility of LGIP
nanoparticles was assessed in DU145 and PNT2 cells after 24 and 72 hours of exposure to increasing
nanoparticle concentrations (150 - 500 ng/mL and 5-100 pg/mL) (Figure 24). In both cell lines, a
gradual decrease in metabolic activity was observed with increasing concentrations, indicating a dose-
dependent response. In DU145 cells cell viability remained relatively stable at low and intermediate
concentrations (150-500 ng/mL and 5-50 ug/mL), with a more pronounced reduction only at the
highest doses tested (100 pg/mL) (Figure 24A). Importantly, even after 72 hours of treatment,
viability values remained above the cytocompatibility threshold, indicating the absence of severe
cytotoxic effects. A similar trend was observed in PNT2 cells, where a progressive but moderate
reduction in viability was observed at higher concentrations (50—100 pg/mL), particularly after
prolonged exposure (Figure 24B). Overall, the data indicate that LGIP nanoparticles are well

tolerated by both prostate cancer and healthy cells over a broad concentration range.
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Figure 24. Biocompatibility assay on DU145 and PNT2 cells at different concentrations of LGIP NPs. Cell viability
of A) DU145 and B) PNT2 cells treated with increasing concentrations of LGIP NPs for 24 and 72 hours; Results are
expressed as percentage of normalized cell proliferation compared to untreated control. Data are presented as mean + SD.
Statistical analysis was performed using two-way ANOVA, comparing different time points with respect to control.
Levels of significance are indicated as follows: (*) 0.05 < p < 0.10; (**) 0.01 <p <0.05; (#) 0.001 <p <0.01; (°) p <

0.001. Experiments were conducted in independent triplicates (n = 3).

The observed dose-dependent reduction in metabolic activity is consistent with the presence of
cationic PEI moieties on the nanoparticle surface, which are known to interact with cellular
membranes and influence cellular metabolism. However, the maintenance of cell viability above the
cytocompatibility threshold even at the highest concentrations tested indicates that PEI conjugation
to the polymeric backbone effectively mitigates the severe cytotoxicity commonly associated with
free PEI [55,56].

The relatively stable viability observed at low and intermediate concentrations suggests that LGIP
nanoparticles can be safely employed within a therapeutically relevant dosing window. This is
particularly important for gene delivery applications, where efficient nucleic acid complexation and
cellular uptake often require positively charged carriers. The more pronounced decrease in viability
observed at the highest nanoparticle concentrations and extended exposure times likely reflects a
cytostatic effect rather than acute cytotoxicity, potentially arising from transient membrane
interactions or altered metabolic activity. Notably, the similar response patterns observed in DU145
and PNT2 cells indicate that LGIP NPs do not induce selective toxicity toward healthy cells, which
is a critical requirement for translational applications. The slightly higher sensitivity observed after
prolonged exposure in PNT2 cells may be attributed to differences in proliferation rates or membrane
composition between healthy and cancerous cells, as previously reported for cationic nanomaterials
[59]. Overall, these findings confirm that LGIP nanoparticles combine the advantageous gene-
condensing properties of PEI with the biocompatibility of biodegradable polymers, resulting in a
nanosystem that is both effective and well tolerated. The demonstrated cytocompatibility over a broad
concentration range supports further investigation of LGIP nanoparticles in gene loading, transfection
efficiency, and functional biological studies, ultimately reinforcing their potential as safe and versatile

platforms for nucleic acid delivery.
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4.6 Cellular uptake of PLGA-ILs nanoparticles

Efficient cellular uptake is a critical prerequisite for the successful application of nanoparticle-based
delivery systems, particularly in the context of drug and gene delivery [92]. The internalization
process is strongly influenced by nanoparticle physicochemical properties such as size, surface
charge, hydrophobicity, and surface functionalization. In particular, the presence of cationic and
amphiphilic moieties on the nanoparticle surface can enhance interactions with the negatively charged
plasma membrane, thereby promoting cellular association and internalization [93]. Therefore,
investigating the uptake kinetics and intracellular behavior of PLGA nanoparticles functionalized
with imidazole-based ionic liquids is essential to understand how variations in alkyl chain length
affect cellular interactions. Cellular internalization of PLGA-ILs nanoparticles was assessed in
DU145 cells by confocal microscopy and flow cytometry (Figure 25). The cellular uptake evaluated
by confocal microscopy was conducted using DCF-labelled PLGA-C16 and PLGA-C10
nanoparticles, at concentrations of 150 ng/mL, 500 ng/mL, and 10 pg/mL. Cells were treated with
NPs for 6, 24, 48 and 72 hours, fixed and fluorescently labelled with CellMask™ Plasma Membrane
Stains Deep Red, a plasma membrane marker. Fluorescence imaging demonstrated a clear difference
in the interaction kinetics of PLGA—C16 and PLGA—C10 nanoparticles with the plasma membrane.
PLGA—C16 nanoparticles displayed rapid membrane association, becoming detectable after 24 h at
the lowest concentrations tested (150 and 500 ng/mL), and as early as 6 h at the highest concentration
(10 pg/mL) (Figure 25A). In contrast, PLGA—C10 nanoparticles exhibited markedly slower
interaction kinetics: at low concentrations (150-500 ng/mL), membrane association and
internalization were predominantly observed only after 72 h, while at 10 pg/mL these processes
occurred earlier, within 2448 h. Overall, these results indicate that the longer alkyl chain length of
C16 accelerates nanoparticle-membrane interactions compared to C10, leading to faster cellular
association and uptake. (Figure 25B). Nanoparticles internalization was further quantified by flow
cytometry. PLGA—C16 nanoparticles exhibited a clear time- and concentration-dependent uptake
profile, with internalization detectable as early as 6 h even at the lowest concentrations tested (150—
500 ng/mL), and reaching a plateau at concentrations >10 pg/mL (Figure 25C). In contrast, PLGA—
C10 nanoparticles displayed markedly slower and less concentration-dependent internalization
kinetics. No clear dose- or time-dependent trend was observed at intermediate concentrations (10-50
pg/mL), while at low concentrations (150-500 ng/mL) internalization became detectable only after
72 h. These results quantitatively confirm the faster cellular uptake kinetics of PLGA-C16
nanoparticles compared to PLGA—C10 nanoparticles. (Figure 25D).
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Figure 25. Cellular internalization of PLGA-ILs nanoparticles in DU145 cells analyzed by confocal microscopy
and flow cytometry. A) Confocal morphological analysis of PLGA-C16 NPs containing DCF at concentrations of 150
ng/mL, 500 ng/mL, and 10 pg/mL, incubated for up to 72 h. PLGA-C16 (green) showed interaction with the plasma
membrane already after 6—24 h, with complete internalization at 72 h. The plasma membrane was stained with CellMask
Deep Red (red). Scale Bar: 10 um. Images were acquired using a 63x oil immersion objective. B) Confocal microscopy of
PLGA-C10 NPs reveals that uptake is limited at low concentrations (150—500 ng/mL) and becomes more pronounced at
higher concentration (10 pg/mL) after 72 h. C,D) Flow cytometry results corroborate these observations, showing
detectable internalization primarily at 10 pg/mL and limited uptake at lower concentrations. Data are reported as the
median of the distribution of cellular fluorescence intensity (resolution matrix) from 10,000 gated cells, normalized to
control expressed as mean + SD. Statistical significance was assessed by t-test: (*¥) 0.05 <p <0.1; (**) 0.01 <p <0.05.

Experiments were performed in independent triplicate (n = 3).

PLGA-C16 NPs, bearing a longer hydrophobic alkyl chain, exhibited faster and more efficient
cellular uptake across all tested concentrations. Early membrane association and internalization
observed even at low nanoparticle concentrations and short incubation times suggest strong
hydrophobic and electrostatic interactions with the plasma membrane. These interactions likely
facilitate membrane adsorption and subsequent internalization through endocytic pathways. The
plateau observed at higher concentrations may indicate saturation of cellular uptake mechanisms, a
phenomenon commonly reported for cationic nanocarriers [94].In contrast, PLGA-C10 NPs exhibited
slower internalization kinetics, especially at lower concentrations, and required prolonged exposure
times to achieve detectable uptake. This effect is likely due to the shorter alkyl chain length.The
shorter chain, reducing hydrophobic interactions with the lipid bilayer, may lead to weaker membrane
affinity and delayed internalization. The absence of a clear dose-dependent trend at intermediate
concentrations further suggests that uptake of PLGA-C10 nanoparticles is less efficient and may rely
on slower, nonspecific endocytic processes [95]. Importantly, the efficient internalization observed
for PLGA-C16 nanoparticles aligns well with their favorable biocompatibility profile, indicating that
enhanced uptake does not come at the expense of increased cytotoxicity. These results also underscore
the importance of surface chemistry in dictating cellular interactions. The faster and more efficient
internalization of PLGA-C16 nanoparticles suggests their greater potential for intracellular drug or
gene delivery applications, while the tunable uptake kinetics offered by varying the alkyl chain length
provides a valuable strategy for optimizing nanoparticle design according to specific therapeutic

requirements.
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4.7 Endocytic pathways of PLGA-ILs nanoparticles internalization

Following cellular uptake, the specific endocytic pathways by which nanoparticles enter cells play a
crucial role in determining their intracellular fate, including trafficking, endosomal escape, and
ultimately therapeutic efficacy [96]. Different internalization mechanisms, such as clathrin-mediated
endocytosis (CME) and macropinocytosis, are known to be influenced by nanoparticle size, surface
charge, hydrophobicity, and concentration. Identifying the dominant endocytic routes is particularly
important for gene delivery applications, as these pathways can significantly impact nucleic acid
release into the cytosol and subsequent biological activity [94]. In this context, the endocytic
mechanisms involved in the internalization of PLGA-ILs were investigated using pharmacological
inhibitors specific to major endocytic pathways.

The endocytic pathway involved in PLGA-ILs NPs internalization was studied by flow cytometry on
DU 145 using specific inhibitors of endocytic pathways: pitstop2, an inhibitor of CME, and amiloride,
an inhibitor of micropinocytosis (Figure 26). Interestingly, treatment with Pitstop2 reduced the
uptake of PLGA-C16 NPs at 10 pg/mL, suggesting that at this concentration internalization occurs
predominantly via CME. This pathway is typically associated with nanoparticles of smaller effective
size and well-defined surface properties, which may be favored by the longer alkyl chain of the C16
ionic liquid. At higher concentrations (50 pg/mL), PLGA-C16 nanoparticles exhibited a plateau in
uptake that was not markedly affected by endocytic inhibitors (Figure 26A), potentially reflecting
saturation of CME machinery or the engagement of multiple internalization mechanisms that
compensate for pathway inhibition. For PLGA-C10 NPs, the reduction with Pitstop2 was minimal
and significant only at higher concentrations (50 pg/mL), indicating a reduced reliance on clathrin-
dependent uptake. In contrast, amiloride caused a significant reduction in internalization only for
PLGA-CI10 NPs at 50 pg/mL, indicating that micropinocytosis substantially contributes to their
cellular entry at higher concentrations (Figure 26B). The significant decrease in internalization
observed upon amiloride treatment at 50 pg/mL suggests that micropinocytosis plays a major role in
the uptake of PLGA-C10 nanoparticles at higher concentrations. Micropinocytosis is a non-specific,
actin-driven process often triggered by higher nanoparticle loads or surface features that promote
membrane ruffling, which may be more pronounced for nanoparticles incorporating shorter alkyl

chain ionic liquids.
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Figure 26. Cellular internalization of PLGA-ILs nanoparticles in DU145 cells assessed by flow cytometry in the
presence of the inhibitors Pitstop2 and Amiloride. A) For PLGA-C16 NPs, Pitstop2 reduced uptake at 10 pg/mL, while
a plateau was observed at all time points at 50 pg/mL. For PLGA-C10 NPs, the reduction with Pitstop2 was significant
only at 50 pg/mL. B) The inhibitor Amiloride significantly reduced internalization only at 50 pg/mL, indicating the
involvement of macropinocytosis at high concentrations. The results obtained by flow cytometry are reported as the
median of the distribution of cellular fluorescence intensity (Resolution matrix), obtained by analyzing 10,000 cells in
the gate and normalized to the control. The data are expressed as M + SD. The t-test was used to compare the data. The
levels of statistical significance are indicated as follows: (¥) 0.05 <p <0.1; (**) 0.01 < p < 0.05. The experiment was

conducted in independent triplicate (n = 3).

The endocytic pathway analysis provides important mechanistic insight into how ionic liquid
functionalization governs nanoparticle—cell interactions beyond simple uptake efficiency. The
preferential involvement of CME for PLGA-C16 NPs at lower concentrations suggests a more
organized and receptor-associated internalization process. CME is often linked to well-defined
nanoparticle surfaces and sizes compatible with clathrin-coated vesicle formation, typically around
100-200 nm [94]. The enhanced hydrophobicity and stronger membrane affinity conferred by the
longer C16 alkyl chain likely promote stable membrane adsorption and clustering at endocytic pits,
facilitating efficient CME-driven uptake. The saturation behavior observed at higher PLGA-C16 NPs
concentrations indicates that cellular uptake mechanisms can become limited by the availability of
endocytic machinery. Under such conditions, additional uptake routes may be recruited, or
internalization may be constrained by membrane processing capacity, resulting in a plateau effect that
is relatively insensitive to pathway inhibition. This phenomenon has been widely reported for cationic
nanocarriers and reflects the dynamic and adaptive nature of cellular internalization mechanisms in
response to nanoparticle load [96]. In contrast, the uptake of PLGA-C10 NPs appears to rely more
strongly on macropinocytosis at elevated concentrations. Macropinocytosis is a less selective, energy-

dependent pathway characterized by membrane ruffling and the formation of large vesicles, often
94



induced by high concentrations of nanoparticles or surface features that promote membrane
perturbation rather than organized receptor engagement [97]. The shorter alkyl chain of the C10 ionic
liquid may result in weaker hydrophobic interactions and less efficient recruitment of clathrin-
mediated pathways, shifting uptake toward macropinocytic mechanisms when nanoparticle
concentration increases. These differences in internalization pathways are highly relevant for gene
delivery applications. CME often leads to well-regulated intracellular trafficking but may involve
tighter endosomal confinement, whereas macropinocytosis can result in larger vesicles with distinct
maturation pathways that may favor endosomal escape under certain conditions [97]. Therefore, the
ability to modulate endocytic routing through ionic liquid structure and nanoparticle concentration
offers a powerful strategy to optimize intracellular delivery outcomes. Taken together, these results
demonstrate that even subtle variations in ionic liquid alkyl chain length can significantly alter the
cellular entry routes of PLGA-ILs NPs, with important implications for intracellular trafficking,
endosomal escape, and ultimately gene silencing efficacy. Such insights are essential for the rational
design of next-generation PLGA-ILs nanocarriers tailored for efficient and controlled siRNA

delivery.

4.8 Cellular uptake of LGIP nanoparticles

A detailed investigation of the internalization profile of LGIP NPs was carried out to assess their
suitability as gene delivery platforms. Cellular internalization of LGIP NPs was assessed in DU145
cells by confocal microscopy and flow cytometry (Figure 27). The cellular uptake evaluated by
confocal microscopy was conducted using DCF-labelled LGIP NPs, at concentrations of 150 ng/mL,
500 ng/mL, and 10 pg/mL, incubated with cells for up to 72 hours. LGIP NPs primarily associated
with the plasma membrane after prolonged incubation times, becoming evident only after 72 hours
(Figure 27A). This delayed interaction may reflect limited nanoparticle availability at the cell surface
or a slower uptake process at sub-microgram concentrations. In contrast, at the highest concentration
tested by confocal microscopy (10 pg/mL), LGIP nanoparticles start to be internalized by cells,
indicating that increased local nanoparticle concentration facilitates cellular engagement and uptake.
Internalization was also assessed quantitatively by flow cytometry. LGIP NPs showed a peak
internalization at 72 hours for a concentration of 10 ug/mL. A similar behavior was also observed for
concentrations in the nanogram range (Figure 27B). Quantitative flow cytometry analysis further
supported these observations, revealing maximal internalization at 72 hours for LGIP nanoparticles

at 10 pg/mL.
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Figure 27. Analysis of LGIP NPs internalization in DU145 cells by confocal microscopy and flow cytometry. Cells
were incubated with fluorescent LGIP NPs (in the presence of DCF) at concentrations of 150 ng/mL, 500 ng/mL, 10
pg/mL, and 50 pg/mL for up to 72 hours. A) Confocal microscopy shows that interaction of LGIP NPs (green) with the
plasma membrane becomes evident after 72 hours at the lowest concentrations (150 and 500 ng/mL), while it is already
marked at 10 pg/mL. The plasma membrane was stained with CellMask Deep Red (red). Scale Bar: 10 pm. Images were
acquired using a 63x oil immersion objective. B) Flow cytometry analysis shows a time- and concentration-dependent trend
at both nanogram and microgram concentrations. The results obtained by flow cytometry are reported as the median of
the distribution of cellular fluorescence intensity (resolution matrix), obtained by analyzing 10,000 cells in the gate and
normalized to the control. Data are expressed as (M) = (SD). Two-way ANOVA was used to compare data. Statistical
significance levels are indicated as follows: (*) 0.05 <p <0.1; (°) p<0.001. The experiment was conducted in independent

triplicates (n = 3).



The uptake profile of LGIP nanoparticles reveals a distinct internalization behavior compared to ionic
liquid—functionalized PLGA nanoparticles, characterized by slower kinetics and a stronger
dependence on prolonged exposure. This behavior can be attributed to the physicochemical features
of LGIP nanoparticles, including their polymeric composition and the nature of PEI conjugation,
which may result in a more moderate surface charge and reduced immediate membrane interaction.
Such characteristics can limit rapid adsorption to the plasma membrane while promoting gradual
accumulation at the cell surface over time.

Overall, these results highlight the importance of both exposure time and nanoparticles concentration
in governing LGIP nanoparticle internalization. The observed delayed but uptake profile may be
advantageous for gene delivery applications requiring prolonged cellular exposure, potentially
enabling continuous intracellular delivery of nucleic acids while minimizing acute cytotoxic effects.
Furthermore, understanding these uptake dynamics is critical for optimizing dosing strategies and
predicting intracellular bioavailability, particularly in the context of siRNA delivery where efficient

internalization is a prerequisite for effective gene silencing.

4.9 Endocytic pathways of LGIP nanoparticles internalization

Polyethylenimine is known to promote cellular internalization through multiple mechanisms due to
its high cationic charge density and ability to interact with the plasma membrane. When PEI is
conjugated to biodegradable polymers, such as in LGIP NPs, the resulting hybrid systems may engage
different internalization routes depending on nanoparticle concentration and surface characteristics
[98]. The effect of inhibitors of key endocytic pathways on LGIP NPs internalization was assessed
by flow cytometry. DU145 cells were treated with LGIP NPs at concentrations of 10 pg/mL and 50
pg/mL. Treatment with Pitstop-2 resulted in a pronounced and significant reduction in nanoparticles
uptake at both tested concentrations, indicating that LGIP NPs internalization occurs predominantly
through a clathrin-dependent pathway. Amiloride, also caused a marked reduction in internalization
at 10 and 50 pg/mL, suggesting that macropinocytosis also contributes substantially to LGIP NPs
cellular entry (Figure 28).
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Figure 28. Effect of endocytic pathway inhibitors on LGIP NP internalization in DU145 cells. Cells were treated
with Pitstop-2 and amiloride at concentrations of 10 and 50 pg/mL of LGIP NPs, by flow cytometry. The graph shows a
significant reduction in internalization in the presence of Pitstop-2 at both concentrations, suggesting a predominant role
for clathrin-mediated endocytosis. Amiloride also significantly reduced uptake, indicative of the contribution of
macropinocytosis, especially at 10 pg/mL. Values are expressed as mean = SD; the asterisk indicates statistically

significant differences compared to the control without the inhibitor (p < 0.05).

The inhibitor studies provide valuable insights into the cellular internalization pathways of LGIP
nanoparticles, revealing the involvement of multiple endocytic routes. The strong reduction in
nanoparticle uptake observed upon Pitstop-2 treatment indicates that CME plays a major role in LGIP
internalization across the tested concentration range. The significant contribution of
macropinocytosis, as evidenced by the inhibitory effect of amiloride, suggests that LGIP NPs also
exploit non-specific, actin-driven uptake mechanisms. This dual uptake behavior is commonly
reported for PEl-based systems and reflects their ability to interact strongly with the plasma
membrane, inducing membrane ruffling and facilitating macropinosome formation [92] The
involvement of macropinocytosis at both 10 and 50 pg/mL indicates that LGIP nanoparticles can
trigger this pathway even at moderate concentrations, likely due to the presence of protonable amine
groups on PEI that promote membrane perturbation. The coexistence of these pathways therefore

suggests that LGIP NPs possess a versatile internalization profile capable of enhancing intracellular
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trafficking and cytosolic delivery. Overall, these findings demonstrate that PEI conjugation to PLGA
not only improves biocompatibility but also preserves the ability of PEI to exploit multiple endocytic
routes. Understanding the relative contribution of these pathways provides important guidance for
the rational design and optimization of LGIP nanoparticles, particularly in tailoring surface properties

and dosing strategies to maximize gene delivery efficiency while minimizing cytotoxic effects.

4.10 Evaluation of siRNA release from PLGA-ILs and LGIP nanoparticles

The efficacy of siRNA-mediated gene silencing depends not only on cellular internalization but also
on the controlled release of siRNA from the nanoparticle carrier. An optimal release profile ensures
enough functional siRNA in the cytosol, avoiding premature or extracellular release that could reduce
therapeutic efficacy. Therefore, evaluating the release of siRNA from different nanoparticle
formulations is crucial for interpreting gene silencing results [48,99]. For PEI-containing LGIP
nanoparticles, two polymer/siRNA ratios were tested, designated LGIP-1 (1:1) and LGIP-10 (10:1).
Modulating the polymer/siRNA ratio is a well-established strategy in PEI-based systems to regulate
particle stability, cellular uptake, endosomal escape, and cytotoxicity. The use of LGIP-10 allowed
us to evaluate whether a higher polymer content could favor an increase in siRNA release, while
maintaining a biocompatibility profile compatible with the cells under study. This experimental
strategy therefore allowed to directly compare two formulations with different polymer/siRNA ratios,
providing useful information to optimize the composition of the nanoparticles in relation to the
efficacy of gene silencing. The GOLPH3-specific siRNA pool was initially complexed with PLGA-
ILs, LGIP-1, and LGIP-10 nanoparticles. The resulting siRNA-loaded formulations were maintained
under continuous stirring in aqueous solution at room temperature for 2, 24, and 72 hours to evaluate
the time-dependent release profile of siRNA. The release study was preliminarily conducted in water
to provide a controlled and simplified environment for assessing intrinsic release. Furthermore,
PLGA-based polymer systems are conventionally protected in aqueous media during in vitro release
studies as this approach allows for reproducible analysis of diffusion- and degradation-driven release
mechanisms before testing them under more physiologically relevant conditions [100]. At each
predetermined time point, a 10 pL aliquot was collected to quantify the released siRNA using the
PicoGreen fluorescence assay. The analysis was extended up to 72 hours, as significant GOLPH3
gene silencing was observed at this time point in cellular experiments. Accordingly, the release study
was concluded at 72 hours to align the in vitro release profile with the onset of the biological effect,
thereby facilitating correlation between siRNA release and functional gene silencing outcomes.
Therefore, the release study was terminated at 72 hours, corresponding to the time at which the

biological effect of the siRNA was detected (Figure 29). This approach enabled monitoring of siRNA
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release from the different formulations, revealing significant differences among the nanoparticles.
The release profiles further highlight the influence of ionic liquid structure on siRNA nanoparticles
interactions. Both PLGA—-C16 and PLGA—C10 nanoparticles exhibited a biphasic release pattern,
characterized by an initial burst within the first 24 h followed by a slower, sustained release up to 72
h. However, notable differences in release were observed between the two formulations. PLGA-C16
nanoparticles showed a more pronounced initial release, which can be attributed to the higher
hydrophobicity and longer alkyl chain of the C16 ionic liquid. These structural features are likely to
promote stronger interactions with the PLGA surface, while simultaneously facilitating dynamic
electrostatic interactions with siRNA at the nanoparticle interface. As a result, a fraction of siRNA
associated with the ILs-coated surface may be more readily desorbed upon exposure to the aqueous
environment.

In contrast, PLGA—C10 nanoparticles displayed a comparatively more controlled release behavior,
suggesting a more balanced interaction between siRNA and the ionic liquid coating. The shorter alkyl
chain of C10 likely results in reduced hydrophobic packing at the nanoparticle surface, favoring more
stable electrostatic complexation of siRNA and limiting premature desorption. This interpretation is
consistent with the slower cellular uptake observed for PLGA—C10 nanoparticles and supports the
notion that alkyl chain length plays a key role in modulating both membrane interaction and cargo
release.

Overall, these findings indicate that while both formulations are capable of effectively complexing
and releasing siRNA, PLGA—C10 nanoparticles may offer a more controlled and sustained release
profile, whereas PLGA—C16 nanoparticles favor faster release and cellular interaction. This tunability
underscores the relevance of ionic liquid structural design in optimizing nanoparticle-based siRNA
delivery systems, allowing a balance between release, cellular uptake, and biocompatibility to be
achieved [30].

In contrast, LGIP-1 nanoparticles exhibited a qualitatively similar release profile but with a lower
overall amount of siRNA released over time. This behavior can be attributed to the stronger
electrostatic interactions between PEI and siRNA, which promote efficient nucleic acid condensation
and increase complex stability, thereby delaying siRNA dissociation. The high charge density of PEI
results in tight polyplex formation, reducing the fraction of siRNA readily available for diffusion
from the carrier. An even more pronounced retention effect was observed for LGIP-10 complexes,
characterized by a high polymer-to-siRNA ratio. These formulations released minimal amounts of
siRNA over the 72 h period, indicating the formation of highly compact and dense structures. The
excess PEI enhances electrostatic binding with siRNA, stabilizing the complexes and significantly

limiting both the diffusion and mobility of the nucleic acid within the polymer matrix. As a
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consequence, siRNA release is substantially delayed. This behavior is consistent with previous
reports on PEI-based delivery systems, in which increasing the polymer-to-siRNA ratio improves
complex stability and protection of the cargo but compromises release.

When compared with PLGA-ILs-based nanoparticles, which exhibited a more balanced and tunable
release profile driven by reversible electrostatic interactions between siRNA and the ionic liquid
coating, PEI-rich LGIP formulations appear to favor complex stability at the expense of timely siRNA
release. This comparison highlights the advantage of PLGA—ILs systems in achieving a compromise
between sufficient siRNA retention and controlled release, a feature that is critical for effective

intracellular gene silencing [55].
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Figure 29. siRNA release from different PLGA nanoparticles over time. Release profiles of siRNA from PLGA-C16
NPs, PLGA-C10 NPs, LGIP-1 NPs, and LGIP-10 NPs were measured at 0, 2, 24, and 72 hours and expressed as ng/uL.
PLGA-C16 NPs shows a rapid initial release, reaching a plateau at 24—72 h, whereas PLGA-C10 NPs exhibits a delayed
release, peaking at 24—72 h. LGIP-1 and LGIP-10 NPs display intermediate release. Data are presented as mean + SD.

Statistical significance is indicated as follows: (#, °, *) corresponding to p-values reported in the main text.

4.11 PLGA-ILs and LGIP nanoparticles-mediated GOLPH3 silencing

Polymeric nanoparticles functionalized with ionic liquids or cationic polymers have shown potential

to enhance siRNA delivery through tailored surface properties and optimized internalization
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pathways. For example, siRNA-mediated silencing of GOLPH3 using lipid-based nanoparticles,
polymeric nanocarriers, and PEI-based delivery systems have been shown to inhibit cancer cell
proliferation, impair Golgi function, and reduce tumor growth in prostate and other solid tumor
models, highlighting the therapeutic potential of nanoparticle-assisted GOLPH3 knockdown [11].
Here, the gene silencing efficacy of different formulations of PLGA-ILs and LGIP NPs loaded with
anti-GOLPH3 siRNA was evaluated in DU145 cells by quantitative (RT-PCR) and qualitative
(fluorescence microscopy) molecular analyses (Figure 30). Cells were treated with PLGA-C16,
PLGA-C10, LGIP-1 and LGIP-10 nanoparticles for 48 and 72 hours, including Lipofectamine/siRNA
complex (positive) and untreated cells (CTRL DU145, negative) as controls. The LGIP-10 NPs,
characterized by a higher PEI content compared to LGIP-1, was designed to evaluate whether an
increase in polymer content could improve nanoparticle condensation and stability, protecting the
siRNA from extracellular degradation and promoting its internalization into target cells. However, in
similar systems, excessive PEI can generate excessively strong electrostatic interactions between the
polymer and siRNA, slowing their intracellular release and reducing the effectiveness of gene
silencing [27]. RT-PCR analysis showed a significant reduction in GOLPH3 mRNA levels in cells
treated with PLGA-C16, LGIP-1, and Lipofectamine/siRNA at both 48 and 72 hours, indicating
effective silencing. In comparison, PLGA-C10 NPs caused a moderate decrease in gene expression,
while LGIP-10 induced no appreciable changes compared to controls (Figure 30A). Fluorescence
microscopy performed after 72 h confirmed these findings at the protein level and closely reflected
the differences observed in siRNA uptake and release profiles. PLGA—C16 nanoparticles, LGIP-1
nanoparticles, and Lipofectamine/siRNA complexes showed a marked reduction in GOLPH3-
associated fluorescence, consistent with their rapid cellular internalization and/or efficient
intracellular siRNA release. PLGA—C10 nanoparticles induced a more modest decrease in
fluorescence, in agreement with their slower uptake and more controlled siRNA release profile. In
contrast, LGIP-10 nanoparticles exhibited fluorescence levels comparable to untreated controls,
reflecting the limited siRNA release and delayed intracellular availability observed for this

formulation. (Figure 30 B,C,D).
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GOLPH3

gqPCR after 48 and 72 hours of treatment with nanoparticles loaded with anti-GOLPH3 siRNA. Treatments included
PLGA Cl16, PLGA C10, LGIP 1, LGIP 10, and Lipofectamine/siRNA complex. A significant reduction in GOLPH3
expression was observed with PLGA C16, LGIP-1 and Lipofectamine/siRNA, while PLGA C10 NPs and LGIP-10 NPs
did not show a significant decrease. B-C-D) Fluorescence microscopy analysis after 48 and 72 hours of treatment. Cells
were fixed and stained with an anti-GOLPH3 antibody (green). Scale Bar: 10 um. Images were acquired using a 100x oil
immersion objective. A marked reduction in GOLPH3 signal was observed in cells treated with PLGA C16, LGIP-1, PEI
1, and Lipofectamine/siRNA, while PLGA-C10 NPs showed only a minimal decrease and LGIP 10 NPs showed no
appreciable effect. Data are normalized to the untreated CTRL and expressed as mean + SD. Statistical significance was
assessed by two-way ANOVA. Significance levels are indicated as follows: () 0.05 <p <0.1; () 0.01 <p <0.05; () 0.001

<p<0.01; (****) p <0.001. Experiments were performed in independent triplicates (n = 3).

The gene silencing results clearly demonstrate that nanoparticle composition and surface engineering
play a critical role in determining siRNA delivery efficiency. Among the tested formulations, PLGA-

C16 NPs achieved robust GOLPH3 knockdown at both the mRNA and protein levels, comparable to
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the performance of Lipofectamine, widely considered a reference transfection agent. This result is
particularly significant given Lipofectamine's known limitations in clinical translation, including
toxicity and lack of stability in physiological environments [42].

The superior performance of PLGA-C16 NPs can be directly linked to the presence of the longer-
alkyl-chain imidazole-based ionic liquid, which enhances nanoparticle-membrane interactions and
promotes efficient cellular uptake via clathrin-mediated endocytosis. This internalization pathway,
combined with the cationic surface properties of the nanoparticles, likely facilitates endosomal
destabilization and cytoplasmic release of siRNA, allowing for effective RISC engagement.
Conversely, the moderate silencing effect observed with PLGA-C10 nanoparticles further highlights
the importance of the ionic liquid structure in controlling biological performance. The shorter alkyl
chain may result in weaker membrane interactions and slower uptake kinetics, as previously observed
in internalization studies, ultimately reducing the amount of siRNA reaching the cytoplasm in an
active form.

These results are consistent with what was observed in in vitro release experiments: formulations that
showed more controlled and sustained siRNA release, such as PLGA-C16 and LGIP-1, corresponded
to more effective GOLPH3 knockdown, while formulations with slower or limited release, such as
PLGA-C10 and LGIP-10 NPs, showed reduced gene silencing. This confirms that siRNA release
kinetics directly influences the amount of functional molecules available in the cytoplasm for
activation of the RISC machinery [13,101].

Furthermore, the silencing efficacy observed for LGIP-1 nanoparticles suggests that an optimal
degree of PEI functionalization is critical to balance siRNA complexation, cellular uptake, and
intracellular release. A moderate PEI content may provide sufficient proton buffering capacity to
promote endosomal evacuation via the proton sponge effect, while avoiding excessive cytotoxicity
or intracellular trapping [25].Conversely, the lack of silencing activity observed for LGIP-10
nanoparticles may indicate excessive PEI content, leading to excessively strong siRNA binding,
reduced release into the cytoplasm, or altered intracellular trafficking that limits access to the RNA1
machinery [35].

Overall, these results highlight that the efficacy of gene silencing does not depend solely on cellular
uptake, but rather on a finely tuned interplay between nanoparticle composition, internalization
pathway, endosomal clearance, and siRNA release. The demonstrated ability of some PLGA-ILs and
LGIP formulations to inhibit GOLPH3 expression underscores their potential as adaptable and
efficient siRNA delivery platforms. These findings provide a solid basis for further optimization and
in vivo evaluation of these nanosystems for targeted prostate cancer therapy and RNA-based

therapeutic applications.
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4.12 Effect of GOLPH3 silencing mediated by PLGA-ILs and LGIP nanoparticles

Cell migration is a critical process in cancer progression and metastasis, enabling tumor cells to
invade surrounding tissues and disseminate to distant organs. Targeting molecular regulators of
migratory behavior therefore represents an important therapeutic strategy in oncology. GOLPH3 has
been implicated in the control of cancer cell migration through its role in Golgi organization, vesicular
trafficking, and signaling pathways involved in cytoskeletal dynamics [102]. Functional assays that
directly assess migratory capacity are essential to validate whether effective gene silencing translates
into meaningful phenotypic changes. Here, a scratch assay was employed to investigate the impact
of nanoparticle-mediated GOLPH3 silencing on the migratory behavior of DU145 prostate cancer
cells (Figure 31).

DU145 cells were treated with PLGA-C16, PLGA-C10, and LGIP-1 nanoparticles loaded with anti-
GOLPH3 siRNA, with Lipofectamine/siRNA complexes included as a reference transfection system.
After 72 hours of treatment, a wound was generated, and wound closure was monitored after 2, 4, 8,
and 24 hours (Figure 31A). As expected, control DU145 cells showed progressive migratory
behavior, with a continuous reduction in the scratched area over time, reaching approximately 60—
70% wound closure after 24 hours. In contrast, cells treated with PLGA-C16 nanoparticles showed a
marked inhibition of cell migration. Minimal wound closure was observed at the earliest time points,
and after 24 hours, the wound area remained largely open, with approximately 20% closure. This
pronounced inhibition of cell migration closely mirrors the high GOLPH3 silencing efficiency
previously observed for PLGA—C16 nanoparticles, indicating a direct functional consequence of
effective gene knockdown. In contrast, PLGA-C10 NPs did not significantly affect cell migration, as
treated cells exhibited wound closure kinetics comparable to those of the control group, reaching
approximately 60% closure at 24 hours. This finding is consistent with the limited GOLPH3 silencing
achieved with this formulation and suggests that partial or insufficient gene knockdown is not
sufficient to impair migratory capacity. On the other hand, treatment with LGIP-1 NPs resulted in
moderate but significant inhibition of cell migration, with wound closure reaching approximately
45-50% after 24 hours, suggesting partial suppression of migratory behavior (Figure 31B). The
intermediate effect observed with LGIP NPs correlates with their moderate silencing efficiency and
supports a dose- and formulation-dependent relationship between GOLPH3 expression levels and

migratory behavior.
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Figure 31. Evaluation of the effect of PLGA-ILs and LGIP nanoparticles on DU145 cell migration. A) Bright-field
images of the scratch assay performed on DU145 cells after 72 hours of treatment with PLGA-C16, PLGA-C10, LGIP
NPs, and Lipofectamine/siRNA complex containing anti-GOLPH3 siRNA. B) % of scratch area measured following the
different treatments. PLGA-C16 strongly inhibited cell migration compared to the control, with only ~20% wound
closure at 24 hours, while LGIP NPs showed moderate inhibition (~50% closure). Cells treated with PLGA-C10 migrated
similarly to the control (~60% closure at 24 hours). Data are normalized to the control and expressed as mean M =+ SD.

Statistical analysis was performed by two-way ANOVA. Significance levels are indicated as follows: () 0.05 <p <0.1;
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()0.01 <p<0.05; () 0.001 <p<0.01; (****) p <0.001. Experiments were performed in independent triplicates (n = 3).
Scale bar 200 pm.

The wound-healing assay results provide compelling functional validation of the gene silencing data,
demonstrating that effective knockdown of GOLPH3 leads to a pronounced impairment of prostate
cancer cell migration. Among the tested formulations, PLGA-C16 nanoparticles induced the strongest
inhibitory effect, which aligns with their superior performance in cellular uptake and GOLPH3
silencing assays. This concordance underscores the importance of achieving sufficient intracellular
siRNA delivery to elicit downstream phenotypic responses. The lack of an effect observed with
PLGA-C10 nanoparticles further reinforces the notion that modest or incomplete gene silencing is
insufficient to disrupt complex cellular processes such as migration. Cell motility is regulated by
tightly coordinated signaling and trafficking events, and residual GOLPH3 expression may be
adequate to maintain these functions. In contrast, the partial inhibition of migration observed with
LGIP nanoparticles suggests that intermediate levels of gene knockdown can produce measurable,
albeit incomplete, functional outcomes. GOLPH3 plays a central role in Golgi architecture and
anterograde trafficking, processes that are essential for polarized secretion and the dynamic
remodeling of the plasma membrane during migration. Reduced GOLPH3 expression likely
compromises the transport of integrins, growth factor receptors, and other membrane-associated
proteins required for focal adhesion turnover and cytoskeletal reorganization [103]. Additionally,
GOLPH3 is linked to mTOR signaling, which regulates actin dynamics and cell motility, providing
further mechanistic support for the observed migration defects. Importantly, these findings
demonstrate that nanoparticle-mediated siRNA delivery can extend beyond molecular knockdown to
produce meaningful functional effects relevant to cancer progression. The strong anti-migratory
effect achieved with PLGA-C16 NPs highlights their potential not only as gene delivery vehicles but
also as tools to modulate aggressive tumor phenotypes. Overall, this functional evidence strengthens
the case for PLGA-C16 NPs and optimized LGIP-1 NPs as promising platforms for RNA-based

therapeutic strategies aimed at limiting prostate cancer invasiveness and metastasis [14]
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4.13 Effect of ILs on DU145 cancer spheroids

Understanding the interactions between tumor cells and the surrounding microenvironment is
essential to elucidate tumor progression and develop effective therapeutic strategies. Traditionally,
two-dimensional (2D) cell culture models have been widely used to assess cytotoxicity, proliferation,
and drug response, as they allow rapid quantitative analyses, are cost-effective, and easily
standardized for high-throughput screening. However, despite these advantages, 2D cultures have
intrinsic limitations that significantly reduce their biological relevance compared to in vivo tissues.
Cells grown on rigid, uniform substrates lose the three-dimensional polarity typical of native tissues
and are exposed to homogeneous distributions of nutrients, oxygen, and growth factors.
Consequently, these models fail to reproduce the structural and functional complexity of solid tumors,
which are characterized by metabolic gradients, cellular heterogeneity, and dynamic interactions with
the extracellular matrix and surrounding stromal cells [104]. The lack of such physiological gradients
and interactions can lead to an overestimation of drug efficacy, contributing to discrepancies between
2D in vitro results and in vivo tumor responses [61]. To overcome these limitations, three-
dimensional (3D) culture systems based on multicellular aggregates, commonly known as tumor
spheroids, have been developed. These self-assembled models more closely mimic key characteristics
of solid tumors, including oxygen and nutrient gradients, cell-cell and cell-extracellular matrix
interactions, extracellular matrix deposition, and intratumoral cellular heterogeneity. Spheroids allow
observation of physiologically relevant phenomena such as central hypoxia, peripheral necrosis, and
differential responses between distinct cell subpopulations, providing a more realistic representation
of tumor growth and cohesion dynamics. Consequently, 3D models have proven more predictive than
2D systems for studying drug response, cell migration and invasion, and paracrine communication
within the tumor microenvironment [61].

In this context, although 2D cell culture models remain useful for preliminary assessments of
cytotoxicity and selectivity, this study employed three-dimensional prostate cancer spheroid models
to further evaluate the biological activity of selected ionic salts under more physiologically relevant
conditions. Based on the results obtained from 2D viability assays, which demonstrated high
biocompatibility in PNT-2 cells and selective cytotoxicity toward tumor cells C10MImCI,
C16MImCl, and C16BnImCl were selected for evaluation in DU145 spheroids (Figure 32). When
tested at 1 pg/mL, all three compounds induced visible morphological alterations after 72 h of
treatment, including loss of spheroid compactness and the appearance of radial protrusions
(“sprouting”). Such features are commonly associated with cytoskeletal stress, weakened cell—cell
junctions, and disruption of spheroid architecture, and have been reported as characteristic responses
to cytotoxic or membrane-active agents. Among the tested salts, C16BnImCl induced the most
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pronounced structural disruption, in agreement with its strong antiproliferative activity previously
observed in 2D cultures (Figure 32A). Quantitative assessment using the Alamar Blue assay
confirmed a significant reduction in metabolic activity for all three formulations (Figure 32B),
despite the intrinsic resistance of spheroid models to drug treatment due to limited compound
penetration, extracellular matrix barriers, and activation of microenvironment-dependent survival
pathways. The marked activity of CisBnImCl in the 3D setting underscores its potent biological
effect; however, this pronounced cytotoxicity also highlights potential limitations for its use in
delivery-oriented applications, where excessive membrane disruption and lack of control over
biological responses may compromise safety.

In contrast, the ability of CioMImCl and C;sMImCI to induce measurable structural and metabolic
effects in spheroids, while exhibiting a more moderate and controlled activity profile, supports their
suitability as functional components in nanoparticle-based siRNA delivery systems.

Taken together, these results demonstrate that while all selected ionic salts retain biological activity
in a 3D tumor context, their profiles differ substantially in terms of intensity and controllability. The
strong cytotoxic behavior of C16BnImCl confirms its efficacy as a free compound, whereas the more
balanced activity of CioMImCl and C1sMImCI aligns with the requirements for PLGA nanoparticle
functionalization, where biocompatibility, tunability, and controlled intracellular delivery are

essential for effective gene silencing.
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Figure 32. ILs-mediated effect on DU145 cancer spheroids. A) Representative bright-field images showing
morphological alterations in DU145 prostate cancer spheroids after 72 h of treatment with imidazolium salts (C1oMImClI,
Ci6MImCI, and C;sBnImCl; 1 pg/mL). Compared with untreated controls, all treatments induced spheroid destabilization

characterized by sprouting, loss of compact architecture, and reduced structural integrity. Scale bar = 250 pm. B) Cell
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viability of DU145 spheroids after 72 h of exposure to the same compounds, quantified using the Alamar Blue assay.
Data are presented as mean = SD. Untreated 3D spheroids served as controls. Statistical significance: (*) 0.05 <p <0.10;

(*%) 0.01< p < 0.05(***); 0.001 <p < 0.01; (****) p < 0.001.

4.14 Effect of PLGA-ILs NPs on spheroids formation in DU145-HUVEC co-cultures

This work was conducted at the School of Applied Sciences and Centre for Regenerative Medicine

and Devices, University of Brighton, under the supervision of Professor Matteo Santin.

Three-dimensional co-culture models represent a critical tool for investigating tumor behavior under
conditions that more closely resemble the in vivo microenvironment. In particular, heterotypic
spheroids composed of prostate cancer cells and endothelial cells allow the study of tumor—vascular
interactions, multicellular organization, and paracrine signaling, all of which play a central role in
tumor progression and therapeutic response. Compared to conventional two-dimensional cultures,
these systems better recapitulate the spatial architecture, cell-cell communication, and functional
heterogeneity characteristic of solid tumors. In this context, the present study aimed to evaluate the
impact of PLGA nanoparticles functionalized with imidazolium-based ionic liquids on spheroid
formation and three-dimensional organization in DU145-HUVEC co-cultures. The Phenodrive
biomimetic platform was employed to generate uniform and reproducible spheroids under
mechanically and spatially relevant conditions, enabling real-time assessment of aggregation
dynamics and multicellular architecture, as described in the publications by Santin et al.[105]. This
approach provided a suitable framework to investigate whether PLGA—ILs nanoparticles modulate
spheroid formation through functional interference with cell—cell interactions rather than through
direct cytotoxicity. Based on previous results demonstrating favorable biocompatibility, controlled
cellular uptake, and effective siRNA delivery, PLGA-C10 and PLGA—-C16 nanoparticles were
selected for this analysis. These systems differ in alkyl chain length, a parameter known to influence
surface hydrophobicity, membrane adsorption, and internalization kinetics, thereby potentially
affecting cell—cell interactions and microenvironmental organization in three-dimensional models
[106]. DU145-HUVEC co-cultures were treated with PLGA—ILs nanoparticles at concentrations of
150 and 500 ng/mL for 24 h. (Figure 33). While untreated co-cultures formed compact and well-
organized spheroids, treatment with PLGA—-C10 and PLGA—-C16 nanoparticles resulted in a clear
reduction in the formation of three-dimensional aggregates. This effect was concentration-dependent

and more pronounced for PLGA—C10 nanoparticles. The observed phenotype was characterized by
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reduced spheroid cohesion and altered aggregate morphology, suggesting interference with
mechanisms governing cell aggregation, adhesion, and structural organization—processes that are
fundamental for spheroid integrity and tumor microenvironment modeling[11].Importantly,
cytotoxicity analysis using LDH release confirmed that these alterations were not associated with cell
death, indicating that the reduction in spheroid formation arises from functional modulation of cell—
cell interactions rather than from nonspecific toxicity. Similar effects have been reported in three-
dimensional models exposed to nanoparticles or surface-functionalized materials that influence
aggregation and paracrine communication without compromising cell viability (Figure 33A). These
findings are particularly relevant when interpreted alongside the effective silencing of GOLPH3
achieved with PLGA-ILs nanoparticles. GOLPH3 plays a key role in Golgi function, vesicular
trafficking, and cytoskeletal organization, and its downregulation has been associated with impaired
cell polarity, altered adhesion dynamics, and reduced migratory behavior. In a heterotypic DU145—
HUVEC system, modulation of tumor cell signaling through GOLPH3 silencing is likely to affect not
only cancer cell behavior but also tumor—endothelial interactions, thereby impacting multicellular

assembly and spheroid organization. (Figure 33B).
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Figure 33. Impact of PLGA-ILs treatment on spheroid formation in DU145-HUVEC cocultures. A) Bright-field
images of DU145-Huvec spheroids treated with PLGA-C16 and PLGA-C10 NPs acquired after 24 hours of exposure to
concentrations of 150 and 500 ng/mL (40% objective, scale bar 100 um). B) LDH release analysis, conducted to assess

cell membrane integrity, indicated the absence of significant cytotoxicity at the doses tested.

Eosin/hematoxylin staining further confirmed these observations, showing more dispersed cells and
less compact aggregates in the treated samples, with a more pronounced effect for PLGA-C10 than
for PLGA-C16 NPs (Figure 34). These differences can be interpreted in light of the internalization
data. PLGA-CI10, although showing significant uptake only at 72 hours, was already able to alter
spheroid formation at 24 hours, suggesting that surface interactions between particles and the cell
membrane are sufficient to modulate cell adhesion and cohesion. In contrast, PLGA-C16 NPs,
internalized more rapidly and efficiently, showed a lesser effect on spheroid structure in the first 24
hours, consistent with a predominant role of surface interactions in determining the initial self-

assembly of aggregates [ 107](Figure 34A,B).
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Figure 34. Impact of PLGA-ILs treatment on spheroid formation in DU145/HUVEC co-cultures by
Eosin/Hematoxylin staining. A) Characterization by Hematoxylin and Eosin staining highlights a reduction in three-
dimensional aggregation capacity proportional to the nanoparticle concentration used after 24 hours. (10x and 40%
objective, scale bar 100 um). A transition from compact spheroids (control) to progressively more dispersed and less
organized cellular phenotypes is observed following treatment, particularly with PLGA-C10 NPs at 500 ng/mL. B)
Quantification of spheroid reduction confirms that the inhibitory effect is significantly more marked for PLGA-C10
nanoparticles than for PLGA-C10 NPs, at the dose of 500 ng/mL. Data represent mean = SD; significance compared to
control is indicated as (*) p <0.05 and (**) p <0.01.
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These results are consistent with evidence reported in the literature that the physicochemical
properties of nanoparticles, such as hydrophobicity, surface charge, and size, influence not only
internalization but also membrane adsorption and the modulation of paracrine signals, which in turn
regulate cohesion and the formation of three-dimensional aggregates [108]. In this context, the
biomimetic substrate Phenodrive provides physiologically relevant support for studying self-
assembly dynamics by simulating the architecture and mechanics of the tumor microenvironment, as
highlighted by Santin et al., allowing for the evaluation of the effects of nanocarriers on structural
and functional parameters unobservable in 2D models [105]. In summary, these findings demonstrate
that PLGA-ILs nanoparticles are able to modulate the cohesion and three-dimensional organization
of DU145-HUVEC co-cultures without inducing direct cytotoxicity. This effect appears to be
primarily driven by nanoparticle surface interactions and the consequent modulation of cell—cell and
paracrine signaling, rather than by rapid intracellular accumulation. When interpreted in light of the
effective GOLPH3 silencing achieved with PLGA-ILs nanoparticles, the observed alterations in
spheroid organization likely reflect functional changes in tumor cell signaling that propagate to the
endothelial compartment, ultimately impacting multicellular assembly and microenvironmental
architecture. These results underscore the value of biomimetic three-dimensional platforms such as
Phenodrive for capturing subtle but biologically relevant effects of nanocarriers on the tumor
microenvironment. Moreover, they provide a strong rationale for the further development of PLGA—
ILs-based systems as carriers for siRNA delivery, with the potential to modulate tumor progression

through targeted gene regulation rather than nonspecific cytotoxicity.
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5. Conclusions

This thesis demonstrates that rationally engineered polymeric nanoparticles represent a powerful and
clinically relevant strategy for siRNA-based gene therapy in prostate cancer. By employing PLGA a
biodegradable, biocompatible, and clinically established polymer, as the nanocarrier backbone, and
by fine-tuning its surface chemistry through functionalization with imidazolium-based ionic liquids,
this work establishes a versatile platform capable of addressing key biological and technological
barriers that have historically limited the translation of non-viral gene delivery systems.

A central finding of this study is that PLGA—C16 nanoparticles achieve highly efficient intracellular
delivery of siRNA targeting the oncogene GOLPH3 in DU145 prostate cancer cells, resulting in
robust gene silencing and pronounced functional effects. Notably, PLGA—C16 nanoparticles matched
or outperformed Lipofectamine, a widely used gold-standard transfection reagent, in terms of
silencing efficiency and downstream biological outcomes, including inhibition of cell migration and
disruption of three-dimensional tumor organization. Importantly, these effects were achieved without
the cytotoxicity and nonspecific membrane damage commonly associated with cationic lipid-based
formulations, highlighting a major advantage of polymeric nanocarriers for therapeutic applications.
The superior performance of PLGA—C16 nanoparticles can be directly attributed to the rational
modulation of surface properties, particularly the presence of a longer alkyl chain that enhances
membrane affinity and promotes controlled, predominantly clathrin-mediated internalization at
therapeutically relevant concentrations. In contrast, PLGA—C10 nanoparticles, characterized by
shorter alkyl chains, exhibited slower uptake kinetics and limited functional silencing, underscoring
how subtle differences in surface chemistry translate into substantial differences in intracellular fate
and therapeutic efficacy. These findings emphasize that effective gene therapy requires not only
cellular internalization, but also optimal intracellular trafficking and timely siRNA release to ensure
cytosolic availability.

Beyond two-dimensional models, the translational relevance of PLGA-ILs nanoparticles was further
validated using advanced three-dimensional tumor systems, including DU145 spheroids and DU145—
HUVEC co-cultures on the Phenodrive biomimetic platform. In these models, PLGA-ILs
nanoparticles modulated spheroid formation, cell cohesion, and multicellular organization without
inducing direct cytotoxicity, revealing their ability to influence tumor architecture and tumor—
endothelial interactions through functional, non-lethal mechanisms. Such effects are particularly
significant in prostate cancer, where tumor microenvironment dynamics, angiogenic signaling, and

cell-cell communication play critical roles in disease progression and therapeutic resistance.
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Targeting GOLPH3 is of specific clinical relevance, as its overexpression in prostate cancer has been
associated with increased tumor aggressiveness, enhanced migratory capacity, and poor prognosis.
The effective silencing of GOLPH3 achieved with PLGA-C16 nanoparticles translated into
meaningful suppression of cancer-associated phenotypes, providing direct evidence that molecular
knockdown can be converted into functional therapeutic benefit when delivered through an
appropriately designed nanocarrier. This ability to bridge molecular intervention and phenotypic
outcome represents a key requirement for the successful clinical translation of gene therapy strategies.
Overall, this work positions PLGA—C16 nanoparticles as a robust, tunable, and clinically promising
alternative to conventional lipid-based transfection systems for siRNA delivery in prostate cancer.
More broadly, the design principles established in this thesis demonstrate how controlled modulation
of polymeric nanoparticle surface chemistry can be leveraged to harmonize biocompatibility, uptake
mechanism, intracellular release, and functional efficacy. These insights provide a solid foundation
for the development of next-generation, non-viral gene therapies targeting GOLPH3 and other
oncogenic drivers, supporting the future integration of polymeric nanomedicine platforms into

precision oncology and personalized therapeutic strategies.

6. Future Perspectives

The results obtained in this work demonstrate the potential of PLGA-ILs and LGIP NPs nanosystems
as an innovative platform for the treatment of prostate cancer. The observed selective activity against
tumor cells, the ability to modulate key processes such as proliferation, migration, and oxidative
stress, as well as the confirmation of efficacy in more physiologically relevant three-dimensional
models, provide a solid scientific basis for the further development of this strategy. For PLGA-ILs,
the integrated approach adopted, which includes physicochemical characterization, functional
studies, and 3D validation, provides a solid and coherent basis for moving to subsequent research
phases. In this context, the natural evolutionary step for the project concerns in vivo validation.
Preclinical studies in animal models will be essential to systematically evaluate therapeutic efficacy
in a complex organism, biodistribution, pharmacokinetics, systemic stability, and tumor accumulation
efficiency. These analyses will also provide insights into clearance mechanisms, potential interactions
with the immune system, and the presence of potential off-target effects. Another area of investigation
concerns the system's medium- and long-term safety profile and biodegradation processes,
particularly considering the integration of imidazole-based ionic liquids, whose systemic biological

interactions merit extensive characterization under dynamic physiological conditions.
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Although the three-dimensional models and co-cultures employed represent a significant advance
over traditional two-dimensional systems, they do not fully reproduce the complexity of the in vivo
tumor microenvironment, which includes functional vasculature, immune infiltration, stromal
components, and dynamic systemic influences. Therefore, future research activities will be directed
toward comprehensive preclinical validation, structured toxicology analysis, and optimization of
dosing regimens, with the aim of consolidating the platform's translational potential and assessing its

applicability in precision therapeutic strategies.
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