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Abstract

Among the emerging strategies for cancer theranostics, nanomedicine offers significant
promise in advancing both patients’ diagnosis and treatment. In combination with
nanobodies, nanomedicine can potentially enhance the selectivity and efficiency of a
drug or imaging agent delivery, addressing key limitations of current approaches, such
as off-target toxicities. The proposed strategy focuses on the use of nanostructured sys-
tems of both polymeric, employing poly(β-amino esters) (pBAEs) and inorganic, using
gold nanoparticles (AuNPs), materials. Both nanosystems were functionalized with
anti-EGFR nanobodies aiming at combining selective targeting properties with diag-
nostic and therapeutic applications. Anti-EGFR nanobody functionalization represents
a crucial step in enhancing the selectivity of the nanosystems, as it enables them to
recognize the target in a direct and precise manner without significantly altering their
physicochemical properties.
Two pBAE polymers, C6 and C32, were synthesized and subsequently modified via
Steglich esterification to introduce maleimide groups. This modification provided spe-
cific reactive sites for subsequent thiol–maleimide conjugation with engineered nanobod-
ies, ensuring a stable covalent linkage via click chemistry. In parallel, the polymer
backbone was end-modified with a cationic peptide (Cys–Arg–Arg–Arg) to enhance
the positive charge density and in order to promote efficient electrostatic complexation
with nucleic acids. This represents a critical step for nanoparticle formation.
As proof of concept, the incorporation of the newly developed maleimide-pBAEs into
a model nanoformulation was shown to be fully compatible with the formation of the
polyplexes, their biophysical characterization, and all their in vitro functional features.
First, the expression of the EGFR receptor was tested via flow cytometry and west-
ern blot analysis in vitro using four different human cancer cell lines (MDA-MB-231,
BT549, A375 and SK-MEL-28). Thus, MDA-MB-231 cell line was selected as the main
system to test both nanoformulations, previously synthesized and characterized, for
cytotoxicity and targeting properties of the anti-EGFR NPs.
The preliminary results demonstrated the feasibility of realizing the two nanostructured
systems. In vitro studies displayed a possible advantage related to the functionaliza-
tion with anti-EGFR nanobodies, highlighting the importance of a targeted approach
to address the limitations of current treatments. The data obtained constitute a solid
basis for the optimization of the nanosystems, with the aim of contributing to the
identification of selective and effective novel strategies in oncology
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1 Introduction

1.1 Overview of Cancer and tumor microenvironment

Cancer is a heterogeneous disease characterized by the rapid and uncontrolled growth
of cells, which leads to tissue degeneration and, in several cases, metastasis to sites
distant from primary tumors. At the molecular level, cancer is considered a genetic
disease due to increased genomic alterations and epigenetic remodelling [1]. When a
single cell acquires a mutation at the genomic level, it confers a selective advantage
such as higher proliferation and differentiation in comparison with normal cells [2] [3].

The mutation occurs in genes that, in a physiological context, are responsible for phys-
iological cellular activities and for the regulation of cell growth by the immune system
(Figure 1). The first class is represented by proto-oncogenes, which under physiological
conditions are responsible for promoting cell proliferation. A mutation in these genes
promotes an amplification of cellular proliferation, resulting in uncontrolled cell division
[4].
The second class is represented by tumor suppressor genes, such as TP53 or RB1. These
genes act by physiologically halting the cell cycle and by preserving genomic integrity.
A mutation in these genes, most often characterized by their inactivation, leads to the
loss of control of mechanisms responsible for detecting mutations or triggering apopto-
sis, resulting in the enhanced survival of damaged or mutated cells [5] [6] [7].
A third class is constituted by DNA repair genes. These genes, under normal condi-
tions, maintain genomic stability by correcting spontaneous replication errors or other
types of DNA damage. When these pivotal functions are compromised, the mutation
rate rises exponentially [8]. This can favour the accumulation of genetic alterations and
contributing to the genetic multiplicity of the tumour microenvironment.
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Figure 1: Comparison between normal cell division and malignant cell division. (a) With the support of typical proto-
OGs and TSGs, a normal cell division preserves tissue homeostasis by self-renewing and supplying the differentiated cell
types inside the tissue through a regulated sequence of cell cycles. (b) A malignant cell division that causes uncontrolled
tumor growth when it undergoes excessive cell divisions due to dysregulated function of mutated proto-OGs and TSGs
[7].

This advantage allows the mutated cell to proliferate more rapidly and, if not corrected
in time by the immune system, it can be passed to the subsequent population. However,
tumorigenesis is rarely the result of a single genetic alteration; once the first mutation
has been acquired, the new population of mutated cells can develop additional muta-
tions, diversifying the tumour microenvironment (TME) [9]. Each new alteration at the
genomic level can confer additional capabilities, such as the ability to evade apoptosis,
to receive continuous proliferative signals, or to acquire the capacity to produce extra-
cellular matrix-degrading enzymes, thereby invading surrounding tissues (metastasis)
[10] (Figure 2). This multiplicity of genetic mutations plays a central role in tumour
progression and represents the starting point of cancer’s adaptability and its resistance
to therapies [11] [12].

In light of this general overview of cancer genetics and tumor progression, the sub-
sequent sections will specifically focus on breast carcinoma and melanoma, highlighting
their molecular characteristics, heterogeneity, and clinical relevance.
They are in fact two different types of tumors, both characterized by the overexpression
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of specific receptors that were exploited to design the targeted therapy investigated in
this study.

Figure 2: The evolving tumor microenvironment (TME) during all stages of cancer progression is depicted with key rep-
resentative cell types shown. The TME includes diverse immune cells, cancer-associated fibroblasts (CAFs), endothelial
cells, and the extracellular matrix (ECM), among others. These components may vary by tissue type and co-evolve with
the tumor as it progresses. The normal tissue microenvironment can constrain cancer outgrowth through the suppres-
sive functions of immune cells, fibroblasts, and the ECM. However, for cancer to advance, it must evade these functions
and instead influence cells in the TME to become tumor promoting, resulting in increased proliferation, invasion, and
intravasation at the primary site.
Cells and factors of the TME also play a vital role in preparing the premetastatic niche, regulating cancer cell survival
in the circulation, and promoting extravasation. During the metastatic stages, the TME helps to control metastatic cell
dormancy, emergence from this state, and subsequent metastatic outgrowth [10].

1.2 Breast carcinoma

Breast cancer is characterized by a vast number of genetic mutations, reflecting its com-
plexity and heterogeneity [13], being the most frequent malignancy in women worldwide
[14]. Due to heterogeneity there are different classifications of breast cancer based on
the gene expression [15], characterized by different prognoses and responses to therapy
(Figure 3). In detail, the main subtypes are:

• Luminal A and B, characterized by the expression of hormonal receptors like
estrogenic receptor (ER) and progesterone receptor (PR). Patients belonging to
this subtype benefit from hormonal therapies but differ in tumor proliferation and
aggressiveness. Indeed, Luminal B tumors show a higher proliferation rate and a
less favourable prognosis.
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• Human epidermal growth factor receptor 2 (HER2)-positive, character-
ized by the overexpression of the HER2/ErbB2 tyrosine kinase receptor.

• Triple-negative breast cancer (TNBC): this is characterized by the absence
of ER, PR, and HER2 receptors. This subtype, which represents about 10–15% of
breast carcinomas, is associated with particular aggressiveness, high metastatic
potential, and especially the absence of consolidated therapeutic targets. Pre-
cisely in this context, the importance of additional surface receptors such as epi-
dermal growth factor receptor (EGFR), frequently overexpressed in TNBC and
considered an alternative therapeutic target, emerges [16] [17].

Focusing the analysis on EGFR (ErbB1 or HER1), it belongs to the ErbB family of
tyrosine kinase receptors, which also includes HER2, HER3, and HER4. EGFR is a
transmembrane receptor with intracellular tyrosine kinase activity, activated by bind-
ing to specific ligands such as EGF and TGF-alpha. In a physiological context, EGFR
activation promotes proliferation, survival, and cellular differentiation, but if mutated
or overexpressed, as previously mentioned, it can lead to the onset of several cellular
dysfunctions [18]. Accordingly, in triple-negative breast carcinoma, this receptor is of-
ten overexpressed or hyperactivated, a process that determines the constant activation
of downstream biochemical pathways such as the RAS/RAF/MEK/ERK cascade (in-
volved in proliferation) and the PI3K/AKT/mTOR pathway (linked to survival and
resistance to apoptosis) [19].

The overactivity of the EGFR receptor is responsible for the uncontrolled growth of
affected cells but also promotes angiogenesis and invasive processes through the over-
production of enzymes that degrade the extracellular matrix, such as metalloproteases,
and various pro-angiogenic factors [20]. These peculiarities make EGFR a crucial onco-
genic driver in specific subtypes of breast carcinoma and a therapeutic target to be
considered.
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Figure 3: The five main molecular subtypes of breast cancer. Breast cancer tumors are clinically characterized based on
the presence/absence of various marker combinations. These markers include estrogen receptor, progesterone receptor,
human epidermal growth factor receptor 2, and the proliferative marker Ki-67. Varying marker combinations constitute
the breast cancer subtype as being either luminal A, luminal B, basal-like, human epidermal growth factor receptor
2-enriched, or normal-like. This clinicopathologic classification allows for the use of optimal treatment regimens as well
as prediction of the risk of recurrence in a clinical setting [13].

1.3 Melanoma cancer

Melanoma is a malignant neoplastic tumor that arises from melanocytes, a cell type
specialized in the synthesis of melanin and that is predominantly located in the epider-
mis.
Melanocytes exposure to different environmental, genetic, and biological factors, such
as ultraviolet (UV) radiation from the sun or genetic mutations in key genes, exhibits
a high mutational burden, with numerous genetic alterations driving its development
and progression. From a biological point of view, melanoma is a key model of pheno-
typic plasticity, since the cells can oscillate between “proliferative” states and “invasive”
states, with state transitions assisted by biochemical signals coming from the TME [21]
[22].
This mechanism of adaptation can lead to drug resistance to standard treatments and
the consequent progression of the tumour and metastasis. From a clinical point of view,
the evolution of melanoma most often follows a phase of radial and superficial growth,
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followed by a “vertical” phase characterized by invasion of the dermis [21] (Figure 4).
Melanoma is a tumour in which the interactions of the microenvironment play a crucial
role [23].
The expression of EGFR receptor plays a function-dependent role on the phenotypic
state of the melanoma and on environmental/therapeutic stimuli [24] [25]. Indeed,
conditions of hypoxia and acidosis modulate the set of receptors (including EGFR),
the extracellular matrix and metalloproteases facilitate invasion, and myeloid cells and
tumour-associated macrophages establish an immunosuppressive and pro-angiogenic
condition [26].
In such a dynamic system, EGFR is integrated and although it is not always the main
cause of the onset of the tumour, it is most often considered as a trigger that the tumour
itself uses to grow, migrate, or survive therapy.

Figure 4: Schematic overview of the four stages of melanoma and its metastatic mechanism (www.biorender.com tem-
plate)
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1.4 Cancer traditional therapies

In oncology, standard therapies aim to eliminate neoplastic malignancies by imple-
menting a single treatment or a combination of multiple treatments such as surgery,
radiotherapy, and chemotherapy, which represent the three pillars [27].
Surgery provides localized control of the tumour and it consists in removing as much
neoplastic material as possible from the patient’s body. It includes different modalities
of physical removal such as cryotherapy, laser therapy, hyperthermia, and photodynamic
therapy. The major limitation related to choosing classic surgery lies in the inability
to eliminate microscopic disease that may be found around the main tumour mass and
that cannot be precisely removed with conventional surgical instruments. Another im-
portant limitation is the inability to remove any metastases of the primary tumour.
Regarding radiotherapy, it uses high-energy radiation (mainly X-rays) in order to elim-
inate as many malignant cells as possible by damaging them at the DNA level. A first
concern linked to this treatment is the possible damage to the surrounding tissues and
the inability to eliminate and detect cells that are not visible with imaging techniques
(e.g., near the lymph nodes or metastatic cells that are located in areas distant from
the treatment area).
Finally, chemotherapy uses antineoplastic drugs (interfering with cell division) that are
administered systemically. An important limitation linked to the modality of adminis-
tration is the high toxicity and low selectivity toward healthy cells and the inability of
most drugs to overcome the body’s physiological barriers (e.g., the blood–brain barrier)
and therefore the inability to reach certain areas of the body.

The main limitations of standard therapies in oncology is the poor selectivity. In
addition, this picture fits into an even more complex biological context. Tumor het-
erogeneity and plasticity can cause the survival of the most fit tumor cells after any
therapeutic treatment, leading to differentiation and clonal multiplicity. In addition,
the TME itself, characterized by hypoxic zones and acidic environments, makes drug
penetration more difficult (in chemotherapy) and compromises their activity, most of-
ten inactivating them. While remaining fundamental, it is therefore not surprising that
standard therapies are most often insufficient towards more aggressive tumor forms
or those characterized by high multiplicity and that turn out not to be targetable by
conventional drugs [28].
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1.5 Nanocarriers

In the context of precision therapy, nanocarriers are transport systems at the nanoscale
level designed to selectively deliver active agents, small-molecule drugs, therapeutic
agents, or nucleic acids to the pathological site, modulating their absorption, distri-
bution, release, and interaction with target cells. Nanovectors are the key system for
targeted delivery and share three fundamental features: circulating systemically without
interacting with non-target organs or the immune system, overcoming tissue barriers,
and finally releasing the cargo into the correct intracellular compartment, overcoming
endosomal entrapment. Depending on the target and on the specific characteristics of
the tumor site of interest, a different type of nanocarrier is chosen not only in terms
of the modality of encapsulating the therapy but especially considering the materi-
als constituting the particle itself, which must interface directly with the TME. Thus,
nanocarriers can be divided in two main groups based on the materials composition,
organic and inorganic (Figure 5).

Figure 5: Classification of nanocarriers based on their composition. Organic nanocarriers include micelles, liposomes,
dendrimers, and polymeric nanoparticles. Inorganic nanocarriers comprise metallic and metal oxide nanoparticles.
Carbon-based nanocarriers include carbon nanotubes, fullerenes, and graphene. (figure made with www.biorender.com)
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Organic nanocarriers include lipid systems and polymeric systems. These two types of
vectors share features such as protecting the therapeutic cargo, prolonging its residence
time in circulation, and ensuring an effective release in a selective way toward the tar-
get. Inside polymeric nanoparticles there are the poly(β-amino ester)s (pBAEs), which
are synthetic cationic polymers typically obtained by Michael addition between amines
(primary or secondary) and diacrylates. The ester linkage along the main chain renders
these polymers hydrolytically degradable under physiological conditions, whereas the
amino groups confer a cationic character and buffering capacity over a range useful for
exploiting endosomal escape once they are internalized into the target cell.
From this initial overview, they emerge as a class of non-viral carriers engineered to
balance transfection efficiency with a biocompatibility profile (higher than other classes
of polymers used for nanocarrier formulation, such as PEI, previously mentioned). In
addition, they are highly modular from a chemical standpoint, leaving room for engi-
neering adaptations to meet different needs in the field of nanomedicine [29] [30].

The key advance, developed and consolidated by the host group, consists in adding
oligopeptides to the polymer chain ends (OM-pBAE, oligopeptide-modified pBAE). End
groups with peptides such as arginine/lysine enhance electrostatic interaction and mem-
brane adhesion, whereas histidine increases complex stability and endosomal buffering.
By modulating different peptides in controlled proportions, a fine-tuning of the me-
chanical, physical, and biological properties of OM-pBAE–based systems is obtained.
Recent studies have also shown that the stoichiometry and combination of such peptide
terminations have a significant impact on adhesion, stability, cargo internalization, and
cargo release, allowing the carrier to be tailored to the biological context of interest
and opening a wide spectrum of applications [31]. pBAEs can electrostatically inter-
act with nucleic acids such as plasmids, mRNA, siRNA or miRNA to form polyplexes.
With regard to the biodegradability profile of the main backbone, it facilitates a more
favorable cytotoxicity profile compared with non-degradable polymers, and the N/P
ratio (amines/phosphate groups) governs properties such as size, PDI, zeta potential,
and stability [30].
In addition, the structure of pBAEs lends itself to the insertion of additional moieties
at the chain ends or alongside chains (e.g., maleimide, azides, alkynes), enabling conju-
gations based on the concept of click chemistry; these reactions are rapid, selective, and
carried out under mild conditions (without requiring reaction catalysts or high temper-
atures). By exploiting click chemistry to anchor maleimide onto the pBAE backbone, it
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is then possible to attach a range of ligands useful for specific targeting in nanomedicine.
Thiol–maleimide coupling represents the standard for site-specific attachment of thi-
olated ligands (e.g., nanobodies with engineered cysteines or peptides) to the surface
of nanocarriers. This allows the formation of thioether bonds that are stable under
physiological conditions. This approach is well established for polymeric nanocarriers
and has been shown to preserve binding affinity and increase receptor-mediated uptake
[32].

Meanwhile, inorganic nanocarriers are composed on metals, metal oxides, silica, semi-
conductor materials (e.g., quantum dots), and, at times, carbon allotropes. Most of
the time, inorganic carriers, unlike those of organic nature, do not encapsulate a cargo
inside but instead operate through surface adsorption and covalent conjugation. The
reason why they can prove to be crucial tools in the field of oncology is that they ex-
hibit unique features not obtainable with organic carriers. Indeed, there are optical,
magnetic, and electronic properties that enable therapeutic and diagnostic functions
such as photothermal therapy, radio sensitization, magnetic hyperthermia, imaging,
and, finally, theranostics. In particular, gold nanoparticles (AuNPs) are colloidal sys-
tems characterized by unique opto-plasmonic properties. The collective oscillation of
conduction electrons at the metal surface (localized surface plasmon resonance, LSPR)
amplifies light absorption and scattering, making gold a material that enables optical
diagnostics, imaging, and photoactivated therapies. This versatility, combined with a
highly tunable surface chemistry, makes AuNPs a promising and useful tool for therapy
and theranostics in oncology.
To prepare colloidal spheres with diameters ranging from 10 to 50 nm, normally it is
used the Turkevich reduction, where the citrate reduces Au3+. It is an economical,
scalable, and highly reproducible method [33]. Regarding the functionalization, the
gold–thiol bond allows the anchoring of thiolated PEG conjugates and other molecules
to increase colloidal stability and reduce opsonization, thereby enhancing stealth prop-
erties to evade clearance processes. This bond also makes it possible to introduce
terminal functions with specific ligands (e.g., nanobodies) in order to confer specific
targeting properties to gold nanoformulations.
The main therapeutic applications are phototherapy, radio sensitization, and combined
approaches. In phototherapy, AuNPs irradiated at their LSPR dissipate light energy as
heat, raising the local temperature of the target tissue to cytotoxic levels and inducing
cell death by necrosis or apoptosis. Radio sensitization, by contrast, consists in exploit-
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ing the optical properties of gold particles which, as metals, intensify photoelectric and
scattering interactions with X-rays, increasing the therapeutic effect and the local dose
absorbed in the tumor area. In this sense, AuNPs can reduce the required doses or
enhance the effectiveness of radiotherapy [34].
Finally, AuNPs biodistribution in mice strongly depends on hydrodynamic diameter,
shape, surface charge, and coating. Spherical particles of 20–80 nm tend to be captured
by the reticuloendothelial system or undergo renal clearance. In this context, PEGyla-
tion, a solution adopted in the present work, reduces opsonization and prolongs half-life
[35] [36]. Moreover, metallic gold is considered relatively biocompatible, but toxicity
depends strongly on surface chemistry and on the dosage of the formulation.

1.6 Shift to novel therapies

Considering the principal limitations that characterize standard therapies, research has
moved toward new targeted therapies characterized by a complete change of paradigm.
In particular, interventions are undertaken with the objective of maximizing selective
efficacy, while minimizing systemic effects. Thus, we speak of drugs or other substances
designed to block tumor growth and spread by interfering with specific molecules that
are involved in the growth, progression, and expansion of the tumor itself. In this
sense, two conceptual components must be kept distinct: the targeted mechanism of
action (e.g., inhibiting a driver kinase or blocking a receptor) and the targeted de-
livery, which consists in bringing the therapeutic agent to the cells that express the
target of interest. In most cases, the most promising results are obtained when these
two features operate in parallel. Speaking of the mechanism of action, the following
fall within targeted therapies: small-molecule inhibitors of tyrosine kinases or intra-
cellular pathways, monoclonal antibodies against receptors or ligands (EGFR, HER2,
VEGF, VEGFR), antibody–drug conjugates [37], and, more recently discovered and
used, targeted protein degradation systems and therapeutic oligonucleotides directed
at oncogenes or specific pathways. This type of intervention is a form of medicine that
uses information related to the patient’s specific genes and proteome to prevent, diag-
nose, and treat the problems of interest at the level of the organism and in an extremely
targeted manner. Reliance has been placed on the so-called enhanced permeability and
retention effect (EPR), which exploits the abnormal revascularization of blood vessels
in the TME with the passive accumulation of nanocarriers and with lymphatic drainage
(inefficient in the tumor environment most of the time) that prevents the ejection. The
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problem is that the EPR is highly heterogeneous between tumors and patients: it de-
pends on the type of tumor, on the stage of growth, on the TME, and on the individual
patient [38]. Due to these issues, research has turned to active targeting that exploits
the functionalization of carriers’ surface with ligands (antibodies, nanobodies, peptides)
that specifically recognize receptors overexpressed on neoplastic cells [39]. Depending
on the nature of the vector, the binding activates the consequent receptor-mediated
endocytosis and promotes the accumulation of the therapy inside the target cell.

Targeted therapies are based on the interplay between a molecular target, typically
a receptor or antigen (aberrantly expressed in cancer) and a targeting agent which can
be a ligand designed to direct therapeutic systems specifically toward that target. The
target provides the biological rationale, representing the molecular alteration whose
modulation can alter the course of the disease. On the other hand, the targeting agents
ensures that therapeutic molecules or nanosystems selectively reach the diseased cells,
improving efficacy while limiting off-target effects. This dual relationship defines the
foundation of precision medicine: identifying the right molecular abnormality and pair-
ing it with a selective ligand capable of addressing it effectively.

Within this framework, nanobodies are employed as targeting ligands: their role is
to confer selectivity to nanosystems by guiding them to tumor-associated receptors,
while the therapeutic effect is provided by the payload delivered rather than by the
nanobody itself (Figure 6). In particular, nanobodies derive from the variable domain
of “heavy-chain–only” antibodies of the camelid family, in which the variable domain
(VHH) is autonomous [40]. They occupy a technological niche of great interest since
they combine high affinity/specificity with small size ( 12–15 kDa), thermal and chemi-
cal stability, good solubility, and, above all, a high degree of engineerability that has no
equivalent within the class of conventional antibodies. In general, compared with IgG,
Fab, or scFv, VHHs often display a longer and more flexible CDR3 that allows access
to epitopes that are difficult to reach for bulkier molecules. Moreover, high solubility
and ability to avoid aggregation, are features that explain why nanobodies can prove
to be versatile tools both as drugs and as targeting moieties for nanovectors [41] [42].

Theoretically, any surface antigen is targetable, but the most useful candidates combine
tumor overexpression with favourable accessibility. Beyond the ErbB family (EGFR/HER1,
HER2, HER3), epithelial antigens (for example EpCAM, MUC1, TROP-2) or microen-
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vironment markers such as VEGFR2 are frequent. The choice therefore depends on
the stage of disease and, above all, on the stability of the target during therapy. In
the present work, the choice of the EGFR receptor proves to be the right target for
multiple reasons. Specifically, in TNBC EGFR is most often overexpressed and present
on the surface, with rapid endocytosis after binding. In melanoma, by contrast, EGFR
is variable but likewise is most often expressed in configurations accessible to a highly
specific ligand such as an anti-EGFR nanobody.

From a pharmacokinetic point of view, the reduced dimensions favour rapid penetration
into tissues but entail accelerated renal clearance. For systemic use in free form (not
linked to any carrier), the half-life can be extended with albumin-binding strategies or
PEGylation. It is for this reason that the choice of the nanobody specific to the target
of interest is followed by the choice of an appropriate nanovector. In the context of
vectors (which can be inorganic or organic nanoparticles), this pharmacokinetic limita-
tion is mitigated since the nanobody is not circulating in free form but is functionalized
onto the nanocarrier. Consequently, the half-life of the complex is dominated by the
pharmacokinetic profile of the vector, while the nanobody simply confers the crucial
properties of molecular recognition and triggers receptor-mediated endocytosis.

Although nanobodies can also be developed as independent therapeutic agents, in this
thesis they are employed exclusively as targeting moieties, with the aim of enhanc-
ing the specificity of nanosystems toward defined molecular targets. The distinction
between the therapeutic cargo and the targeting ligand is fundamental and provides
the rationale for their integration within the nanosystems designed in this work. It
is precisely to address the need for greater selectivity that anti-EGFR nanobodies are
employed and subsequently conjugated with nanocarriers.
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Figure 6: General nanobody structure and types of nanobodies. (A) Comparison of the monoclonal antibody (mAb)
vs. heavy chain antibody (HcAb) to highlight the structural differences of their respective antigen binding regions.
The VHH/Nanobody has a much longer CDR3 loop compared to that of the VH-VL domains in mAbs, providing
antigen affinity and access to hidden epitopes. (B) A generalized overview of the types of engineered nanobodies to
demonstrate how their high modularity enables various modifications. For enhanced antigen avidity, bivalent nanobodies
can be created by connecting two identical nanobodies with a linker peptide. Biparatopic nanobodies are a fusion of
two nanobodies targeting unique epitopes for the same antigen, with decreased dissociation from the target antigen.
Bispecific nanobodies are composed of two nanobodies targeting different antigens and are often utilized as T cell
engagers. Nanobodies can also be conjugated to other cancer therapies, nanoparticles, viral vectors, or to imaging agents
for targeted tumor visualization. CDR3, complementarity-determining region 3; scFv, short-chain variable fragment; IL-
2, Interleukin-2 [40].
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2 Aim of the study and objectives

Given this background, in the current work it is proposed two delivery systems using
two types of nanomaterials: soft nanomaterials and hard nanomaterials. Related to soft
nanomaterials, pBAEs have been chosen for their tunability in terms of functionaliza-
tion, allowing them to bind different type of molecules. Also, pBAEs enable endosomal
escape by undergoing protonation at the lower pH of the endosomal compartment, lead-
ing to osmotic pressure buildup due to buffering, which causes endosomal disruption
[43]. With deeper insight, their natural cationic charge can be tuned and used as a cru-
cial tool to control electrostatic interaction for high efficiency complexation of anionic
cargo, such as nucleic acids [44].
The first aim is to functionalize the pBAE polymers with maleimide molecules via a
Steglich esterification to perform click chemistry with thiol-ending nanobodies. There-
fore, the combination of pBAE, carrying genetic material, and nanobodies for selective
binding can be a useful strategy to build a promising system for targeted gene delivery.
Thereafter, in vitro validation assays were performed in order to test the behaviour
towards target cells, as well as assessing the cytotoxicity of the nanoformulations.
In parallel, metallic nanoparticles have been used as an effective tool in terms of
therapeutic effects due to their several chemo-physical properties. In particular, gold
nanoparticles (AuNPs) have been selected as the model of this study thanks to their
optical properties and their affinity towards thiol-containing molecules.
The second aim is to functionalize the AuNPs directly with the anti-EGFR nanobodies
for selective targeting towards cancer cells overexpressing this receptor.
Finally, in vitro validation tests were carried in order to assess cytotoxicity of the
nanoformulations.

In general, several chemical modifications were introduced to optimize nanoparticle
formation and genetic cargo complexation. The rationale of this work resides in the
functionalization of both nanosystems with anti-EGFR nanobodies. This step is crucial,
as it confers tumor-specific recognition to the formulations, turning them from generic
nanocarriers into targeted therapeutic tools. In this way, nanobody conjugation repre-
sents the unifying element of both delivery strategies, enabling a direct comparison of
their potential in the selective treatment of cancer.
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In light of this, two main objectives were defined:

• Synthesis, physicochemical characterization and in vitro validation of a new poly-
mer platform to perform click chemistry aiming at the anti-EGFR nanobodies’
conjugation.

• Synthesis and physicochemical characterization of gold nanoparticles and their
functionalization with anti-EGFR nanobodies.
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3 Materials and Methods

3.1 Materials

Chemicals and reagents

5-Amino-1-pentanol (≥92%), 1-Hexylamine (≥99%), 1,4-butanediol diacrylate (≥90%),
maleimide-COOH (Sigma-Aldrich, USA); furan anhydrous, toluene, dichloromethane
anhydrous (CH2Cl2), dimethyl sulfoxide (DMSO), acetonitrile (HPLC grade), ethyl ac-
etate (ACS grade), hydrochloric acid (HCl, 0.1 M), 2-mercaptoethylamine hydrochlo-
ride (2-MEA, ≥97%), agarose, tris-acetate-EDTA buffer (1× TAE), GelRed nucleic acid
stain, tetrachloroauric(III) acid trihydrate (HAuCl4·3H2O, 99.9% trace metals basis),
and trisodium citrate dihydrate were purchased from Sigma-Aldrich. PEG-SH (M.W. ≈
5 kDa) was purchased from Biopharma. Dulbecco’s Modified Eagle Medium (DMEM),
RPMI-1640 without L-glutamine, fetal bovine serum (FBS), phosphate-buffered saline
(PBS, pH 7.2), penicillin-streptomycin and glutamine were purchased from Gibco.
Trypsin-EDTA solution, RIPA buffer, Protease inhibitor cocktail (PIC), TBST com-
ponents (Tris-buffered saline, Tween-20), thiazolyl Blue Tetrazolium Bromide (MTT)
and paraformaldehyde (PFA, 4%) were purchased from Sigma-Aldrich. PVDF mem-
brane (Immobilon-P) was purchased from Merck Millipore. Lipofectamine® 2000 was
purchased from Thermo Fisher Scientific. The antibody anti-EGFR (sc-120) was pur-
chased from Santa Cruz Biotechnology.

Arginine- and histidine-end-modified poly(β-amino ester) (pBAE) polymers used in
this thesis (referred to as R and H, respectively), were synthesized by the Group of
Materials Engineering (GEMAT) at the Institut Químic de Sarrià (Barcelona, Spain),
following a two-step procedure.

Laboratory Equipment

96-well flat-bottom transparent polystyrene plates (Greiner Bio-One, Germany); 15
mL and 50 mL Falcon tubes (Corning, USA); Disposable plastic cuvettes (Malvern
Instruments, UK).
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Instrumentation

Bruker Avance 400 MHz NMR spectrometer (Bruker, Germany); Malvern Zetasizer
Nano ZS (Malvern Panalytical, UK); Malvern NanoSight NS300 (Malvern Panalytical,
UK); Tecan Infinite 200 Pro microplate reader (Tecan, Switzerland); Amersham™ Im-
ageQuant™ 800 biomolecular imager (Cytiva, USA); Flow cytometer (Novocyte, ACEA
Bioscience).

3.2 Cell lines

Four different human cancer cell lines were employed in this study:

• MDA-MB-231 (human breast adenocarcinoma, triple-negative; ATCC® HTB-
26™, USA).

• BT-549 (human breast ductal carcinoma, triple-negative; ATCC® HTB-122™,
USA).

• A375 (human malignant melanoma; ATCC® CRL-1619™, USA).

• SK-MEL-28 (human malignant melanoma; ATCC® HTB-72™, USA).

3.3 Methods

3.3.1 pBAE Nanoparticles

3.3.1.1 Synthesis of pBAE Polymers

Poly (beta-amino ester) polymers C6 and C32 have been synthesized via Michael-type
addition reactions [45].

C6 polymer synthesis
5-amino-1-pentanol (0.1964 g, 1.00 equiv) and 1-hexylamine (0.1964 g, 1.00 equiv)
were mixed in a 25 mL round-bottom flask under magnetic stirring. Subsequently,
1,4-butanediol diacrylate (0.9025 g, 2.40 equiv) was added to the mixture of 5-amino-
1-pentanol and 1-hexylamine. The mixture was maintained under agitation at 90 ◦C
for 20 hours. Finally, the flask was removed from heating and cooled down at room
temperature. The polymer was stored at 20 ◦C for further steps.

18



C32 polymer synthesis
For the synthesis of C32, 5-amino-1-pentanol (4.2734 g, 1.00 equiv) was put into a
25 mL round-bottom flask and stirred. This step is followed by the addition of 1,4-
butanediol diacrylate (9.8584 g, 1.20 equiv). The mixture was maintained at 90 ◦C for
20 hours. After cooling down to room temperature, the polymer was stored at −20 ◦C
for further use.

3.3.1.2 Protection of Maleimide with Furan

The following reaction was made to prevent the undesired attachment of the peptide to
the maleimide. Thus, the maleimide-COOH was protected via a Diels–Alder cycload-
dition with furan [46]. The aim was to protect the maleimide from undesired reactions
until it binds the nanobody.

Maleimide COOH (500 mg) was dissolved in 15 mL of anhydrous toluene in a round-
bottom flask, maintaining the reaction under anhydrous conditions. Furan (0.644 mL,
0.603 g, 3.00 equivalents) was added dropwise using a syringe while stirring. The solu-
tion was maintained at 60 ◦C for 6 hours.

3.3.1.3 Conjugation of Protected Maleimide to pBAE (C6 and C32)

The attachment of the protected maleimide COOH to the side chains of pBAE polymers
(C6 or C32) terminating with a hydroxyl group was performed via Steglich esterifica-
tion using DCC/DMAP coupling chemistry under anhydrous conditions.

Starting with C6 polymer, C6 (100 mg) was weighed and dissolved in 2 mL of an-
hydrous dichloromethane (CH2Cl2) in a 20 mL round-bottom flask. Furan-protected
maleimide COOH (23.7 mg) was added to the mixture under continuous stirring. The
mixture was cooled down in ice for 15 minutes.

In parallel, dicyclohexylcarbodiimide (DCC, 10.3 mg) and 4-dimethylaminopyridine
(DMAP, 7.3 mg) were weighed and dissolved in 2 mL of anhydrous CH2Cl2 in a 20 mL
vial. Then, the DCC/DMAP solution was added dropwise to the cooled C6/maleimide
mixture under agitation and at room temperature for 18 hours.

Then, the mixture was filtered using a 0.45 µm filter into a vial to remove DCC salts
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and excess DMAP. The solvent was evaporated under reduced pressure using a rotary
evaporator. Then, the product was dissolved in an acetonitrile:ethyl acetate solution
(ACN:EtOAc, 1:2, v/v).

In order to completely remove DCC salts and DMAP residues, the solution was frozen at
−20 ◦C for 4 hours, then filtered through a 0.45 µm filter. These steps were repeated at
least twice, or until no visible precipitate remained. Finally, maleimide-functionalized
polymer was stored at −20 ◦C until further use.

3.3.1.4 Peptide attachment to pBAE chain

First, it was needed to exchange the TFA groups presented on the amino groups of
the CRRR peptide with HCl (0.1M). CRRR peptide (105.2 mg) was weighed in a 50
mL falcon. Subsequently 20 mL of HCl (0.1M) were added to dissolve the peptide
completely. Finally, the mixture was allowed to freeze-dry overnight.

For the attachment of the peptide after salt change to the C6, CRRR (54.7 mg) was
dissolved in 1.3 mL of anhydrous DMSO while C6 (105.7 mg) was dissolved separately
in 1 mL of anhydrous DMSO. After putting the polymer into a round-bottom flask,
the CRRR solution was added dropwise into the C6 solution. For the attachment of
the peptide to C32 chain, the procedure is identical to C6 with the only difference that
54.5 mg of CRRR peptide were weighed.

3.3.1.5 Deprotection of maleimide

In order to have the maleimide deprotected and ready to bind the nanobody, it was
needed to perform the deprotection of the maleimide. The compounds were dissolved
in DMSO in a round-bottom flask and heated at 110 ◦C for 4 hours.

3.3.1.6 Nanoparticles formation

According to the standard pBAE particle synthesis, which employs a 60% R and 40% H
composition, R was replaced by the previously synthesized C6 and C32 polymers that
had been functionalized with maleimide and cationic peptides. Two distinct nanopar-
ticle formulations were engineered, based on the C32 and C6 pBAE backbones, respec-
tively; both were assembled by electrostatic complexation with pGFP plasmid DNA.
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On the basis of the polymer employed (C6-H or C32-H) and the selected genetic cargo,
a series of formulations was prepared in which the ratio of pBAE to genetic material was
increased in a controlled sequence: 1:25, 1:50, 1:75, and 1:100. Each formulation was
then characterized for hydrodynamic diameter, polydispersity index, and zeta potential,
and the conditions showing the most favourable profiles were selected for subsequent
optimization and biological evaluation.

3.3.1.7 Nanobodies functionalization

First, the anti-EGFR nanobodies (1.7 mg/mL) required to be reduced. Thus, disulfide
bonds were cleaved to generate free thiol groups suitable for subsequent functionaliza-
tion. A solution of 2-mercaptoethanol (2-MEA, 100 mM) was prepared by dissolving
2-MEA (0.0078 g) in 1.0 mL of Milli-Q water. Then, 2.27 µL of this solution were
added to 20 µL of the anti-EGFR nanobody solution, which was then incubated on ice.

After the reduction, for 60 µL of pBAE nanoparticle suspension, three volumes of
the reduced nanobody solution were evaluated: 1.0 µL, 2.6 µL, and 5.0 µL. The formu-
lations were subsequently incubated on ice.

3.3.2 Gold nanoparticles synthesis and functionalization

3.3.2.1 Synthesis

For the following protocol, the Turkevich method was employed to properly synthesize
gold nanoparticles (AuNPs) [33]. Trisodium citrate (0.01 g) was weighed in a glass vial
and dissolved in 1 mL of Milli-Q water. In parallel, HAuCl4 (0.0052 g) was weighed
in a glass vial and dissolved in 2 mL of Milli-Q water. After boiling 48 mL of Milli-Q
water in a round-bottom flask under agitation (at least 900 rpm), the trisodium citrate
solution was added and, after 20 seconds, 1 mL of gold solution was added.

Close the flask with a cap and let it heat up for 15 minutes increasing the agitation
up to 1000 rpm. Stop heating and cool down under agitation (1000 rpm) for 20-30
minutes. Put the mixture in a 50 mL falcon and cover it with aluminium film.
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3.3.2.2 AuNPs functionalization with PEG-SH and nanobodies

Regarding the functionalization of the gold nanoparticle formulation, different gold
nanoparticle-to-nanobody ratios were evaluated. Specifically, the anti-EGFR nanobod-
ies (1.7 mg/mL) were employed and first reduced following the same procedure previ-
ously applied for the functionalization of the polymeric nanoparticles.

Once reduced, the anti-EGFR nanobodies were added to six separate vials, each con-
taining 1 mL of the gold nanoparticle formulation, and kept under stirring. Decreasing
nanobody-to-nanoparticle ratios were assessed (1:10, 1:5, 1:2, 1:1, 1:0.5, 1:0.25), while
not only maintaining constant agitation of the suspension but also monitoring that the
solution preserved its characteristic pinkish-red colour. In particular, the corresponding
volumes of reduced nanobodies added for each ratio were: 32.4 µL, 16.2 µL, 6.5 µL,
3.2 µL, 1.6 µL, and 0.8 µL. To further ensure the stability of the formulation, PEG-SH
5k (55 µL, 12 µM) was subsequently added to each vial.

To verify the correct size and confirm that the surface charge was preserved, the re-
sulting nano formulation was characterized by Dynamic Light Scattering (DLS) and
Nanoparticle Tracking Analysis (NTA).

3.3.3 Physicochemical characterization

3.3.3.1 Nuclear Magnetic Resonance (NMR) for Chemical Structure Ver-
ification

The chemical structure of the synthesized pBAE polymers and their functionalized
derivatives was verified by 1H and 13C Nuclear Magnetic Resonance (NMR). For the
verification of specific synthetic steps, additional 2D NMR analyses (HSQC and HMBC)
were performed to provide a more in-depth confirmation of the reactions that had taken
place. Spectra were recorded using a Bruker Avance 400 MHz NMR spectrometer.
Samples were dissolved in either deuterated chloroform (CDCl3) or deuterated dimethyl
sulfoxide (DMSO-d6), depending on their solubility. Chemical shifts (δ) are reported in
parts per million (ppm), and spectra were processed and analyzed using MestReNova
software.
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3.3.3.2 Dynamic Light Scattering (DLS) for Size Distribution and Zeta
Potential

The hydrodynamic diameter, polydispersity index (PDI), and zeta potential of both
pBAE and gold nanoparticles, before and after functionalization, were measured using
a Malvern Zetasizer Nano ZS. Measurements were carried out at 25 ◦C, and each sample
was loaded into a standard disposable plastic cuvette prior to analysis. All measure-
ments were performed in triplicate, and results are reported as mean values ± standard
deviation.

3.3.3.3 Nanoparticle Tracking Analysis (NTA) for Size and Concentration

The hydrodynamic diameter, size distribution, and particle concentration of both pBAE
and gold nanoparticles were further evaluated using Nanoparticle Tracking Analysis
(NTA, Malvern NanoSight). Samples were prepared by diluting the nanoparticle sus-
pensions 1:100 in Milli-Q water and introduced into the instrument using a 1 mL syringe.
Measurements were performed in triplicate, and the resulting data were compared with
those obtained by DLS to strengthen the reliability of the results.

3.3.3.4 UV-Vis Spectroscopy for Optical Properties

To evaluate the optical properties and stability of the different gold nanoparticle formu-
lations, both functionalized and non-functionalized with nanobodies and PEG, UV–Vis
absorption analyses were performed using a Tecan Infinite 200 Pro microplate reader.
Spectra were recorded over the wavelength range of 400-700 nm with a step size of 1 nm.
Measurements were carried out in Greiner 96-well flat-bottom transparent polystyrene
plates, with 100 µL of each formulation loaded per well. The characteristic surface plas-
mon resonance (SPR) band of gold nanoparticles was checked to assess nanoparticle
stability before and after functionalization, and to determine which ratio most closely
resembled the optical properties of the pristine, non-functionalized formulation.

3.3.3.5 Agarose Gel Electrophoresis for Nucleic Acid Complexation

An agarose solution (1.5% (w/v)) in 65 mL of 1× TAE buffer was prepared and mi-
crowaved for 30 seconds. Then, 1 µL of GelRed was incorporated as a fluorescent
nucleic acid dye, and the gel was allowed to solidify in the casting frame for 30 minutes.
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To evaluate whether pGFP was efficiently complexed by the polymeric nanoparti-
cles, formulations were prepared using both C6-H and C32-H polymers at increasing
polymer-to-genetic material ratios (1:25, 1:50, 1:75, and 1:100). These conditions were
chosen to systematically assess the effect of polymer proportion on nucleic acid com-
plexation and stability.

Samples were then loaded into the wells of the agarose gel in the following order:
substrate control, 5 µL of free pGFP, followed by the different nanoparticle formula-
tions prepared at the indicated ratios. Electrophoresis was carried out at 100 V for
30 minutes, and genetic material migration was visualized under UV illumination to
confirm the extent of nanoparticle complexation with the genetic cargo.

3.3.4 In Vitro studies

3.3.4.1 Cell Viability

The MTT assay was performed to evaluate cell viability following exposure to the dif-
ferent nanoparticle formulations.

A stock solution of MTT (5 mg/mL) was firstly prepared as a result of 75 mg of
MTT powder dissolved in 15 mL of PBS. Before being used, the solution was diluted
with a dilution factor of 1:10 in DMEM with +FBS to obtain the working solution.

After 24 h and 48 h incubation with the treatments, the medium in each well was aspi-
rated, and the cells were washed with 100 µL of PBS per well. Subsequently, 100 µL of
the diluted MTT solution were added to each well, and the plates were incubated for
1 h at 37 ◦C. Following incubation, the MTT solution was carefully aspirated avoiding
touching the crystals and a 100 µL of DMSO were added to each well to solubilize the
crystals.

Absorbance was measured at 565 nm using a Tecan Infinite 200 Pro microplate reader.
The results were evaluated by normalizing the absorbance values of treated wells to
those of the negative control and expressed as relative cell viability (%).
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3.3.4.2 Cell transfection

For in vitro studies, the breast cancer cell line MDA-MB-231 was selected among the
four cell lines as the main model system. Each treatment was performed in triplicates.
After 24 h from seeding, the culture medium was removed and replaced with 100 µL of
each treatment solution. The first three wells of each plate were instead treated with
fresh culture medium alone, serving as negative controls.

The following treatments were tested:

• Lipofectamine particles encapsulating pGFP (positive control),

• Standard RH nanoparticles,

• C6-H nanoparticles (polymer-to-genetic material ratio 1:50),

• C32-H nanoparticles (polymer-to-genetic material ratio 1:25, standard condition),

• C6-H-nanobody nanoparticles (polymer-to-genetic material ratio 1:50),

• C32-H-nanobody nanoparticles (polymer-to-genetic material ratio 1:25, standard
condition),

• Non-coated gold nanoparticles (AuNPs),

• Gold nanoparticles functionalized with anti-EGFR nanobodies at different nanobody-
to-nanoparticle ratios.

All nanoparticle formulations were tested in triplicates. The transfection was only tested
in polymeric nanoparticles, as a positive control lipofectamine encapsulating pGFP was
used. Gold nanoparticle formulations were not included in the transfection assay since
they did not encapsulate any genetic material.

Lipofectamine Nanoparticles preparation

Lipofectamine nanoparticles were prepared under a biosafety cabinet at once before
use, to serve as the positive control in cell transfection experiments.

For the treatment of nine wells, two distinct solutions were prepared:
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• Solution A: 2.1 µL of pGFP were mixed with 72.9 µL of DMEM without FBS.

• Solution B: 4.2 µL of Lipofectamine were added to 70.2 µL of DMEM without
FBS.

Solution A was then added to Solution B, and the mixture was incubated at room
temperature for 10 minutes to allow the complexation between the two solutions. After
incubation, the resulting formulation was diluted in 900 µL of complete DMEM (+FBS)
in order to be ready to use.

3.3.4.3 Flow Cytometry

To assess the transfection potency of the different nanoparticle formulations encapsu-
lating pGFP, a flow cytometry protocol was performed.

After 48 h of incubation with the formulations, the culture medium was aspirated
from each well, and the cells were washed with 100 µL of PBS. Subsequently, 25 µL of
trypsin were added to each well and incubated for 5 minutes to promote cell detach-
ment. Then, 50 µL of DMEM supplemented with FBS were added to neutralize the
trypsin, followed by the addition of 25 µL of paraformaldehyde (PFA) for cell fixation.

The plate was then analyzed using the flow cytometer, and the percentage of GFP-
positive cells was quantified as a measure of transfection efficiency.

3.3.4.4 Western blot

Prior to Western blot analysis, protein concentrations from the four selected cell lines
(MDA-MB-231, BT549, A375, and SKmel28) were determined using the bicinchoninic
acid (BCA) assay. A standard curve was prepared using serial dilutions of bovine serum
albumin (BSA) ranging from 0 to 2000 µg/mL, and absorbance was measured at 562
nm with a Tecan Infinite 200 Pro microplate reader. Based on the standard curve,
the protein content of each sample was determined: MDA ≈ 1176 µg/mL, BT549 ≈
298 µg/mL, A375 ≈ 1915 µg/mL, and SKmel28 ≈ 1922 µg/mL.

Western blotting was performed to evaluate EGFR expression across the four selected
cell lines. Thus, 18 µg of total protein from each sample were used. Volumes were
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adjusted with Milli-Q water to reach 20 µL, and 5 µL of bromophenol blue (0.04%)
were added before denaturation at 95 ◦C for 10 minutes.

Proteins were separated using SDS–PAGE by using a 12% polyacrylamide gel and
subsequently transferred onto a polyvinylidene difluoride (PVDF) membrane. The
membrane was then blocked in 5% (w/v) non-fat dry milk prepared in TBST buffer to
minimize non-specific antibody binding.

For immunodetection, the membrane was incubated with a primary anti-EGFR an-
tibody (dilution 1:500 in blocking buffer), followed by incubation with a secondary
antibody (dilution 1:2000 in blocking buffer).

Finally, protein bands were visualized using the Amersham™ ImageQuant™ 800 biomolec-
ular imager (Cytiva Life Sciences, USA).
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4 Results and Discussion

4.1 pBAE Nanoparticles: synthesis and characterization

In this section, the synthetic steps and characterization of the 1H NMR related to the
pBAE polymers will be analysed and further explained.

For each step during the chemical reactions, the 1H NMR spectra was analysed, which
served as a guide to demonstrate and verify the correct formation of the polymer during
the different reactions and its functionalization. These spectra show signals correspond-
ing to protons present in the chains of the analysed compounds which, depending on
their chemical environment and how many other protons are within their range, show
a certain shift that is quantified in parts per million (ppm). On the ordinates of each
spectrum, the intensity quantifies the abundance of the functional group to which a
certain proton belongs [47].

During the functionalization of the polymers with the maleimide structure using an
esterification reaction (Steglich esterification) between the side chains of the two poly-
mers and maleimide [48], more in-depth analyses were carried out through the study
of 13C NMR, HMBC NMR and HSQC NMR spectra. It was done not only to confirm
the presence of the polymer and the maleimide bound together, but also to verify the
correct position and reaction between them. In particular, 13C NMR is an additional
1D analysis that shows the carbons corresponding to a certain chemical environment.
Then 2D analyses were performed, including the HMBC NMR and HSQC NMR spec-
tra. In the HMBC NMR spectrum, a correlation is made between protons in a certain
chemical environment and the carbons corresponding to 2-3 bonds away, while in the
HSQC NMR the protons are correlated with the carbons one bond away [49].

The different analyses will proceed with the identification of the characteristic peaks
for each reaction, followed by an explanation that will serve as the starting point for
each subsequent step.

The starting reagents for the synthesis of C6 and C32 polymers were verified by 1H
NMR in order to confirm their suitability for the Michael addition reaction.
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5-amino-1-pentanol (1H NMR, DMSO-d6)

• δ 3.4 ppm (t, 2H) - CH2 adjacent to OH → primary alcohol

• δ 2.5 ppm (t, 2H) - CH2 adjacent to NH2 → primary amine

• δ 1.2–1.6 ppm (m, 6H) - central methylenes → aliphatic chain

Figure 7: 5-amino-1-pentanol (1H NMR, DMSO-d6)

1,4-butanediol diacrylate (1H NMR, DMSO-d6)

• δ 5.5–5.0 ppm (m, 4H) - vinyl protons (CH=CH2) → acrylate group

• 3.5–3.0 ppm (t, 4H) - O–CH2 adjacent to ester carbonyl → ester group

• δ 1.0–0.5 ppm (m, 4H) - central CH2 → butylene backbone
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Figure 8: 1,4-butanediol diacrylate (1H NMR, DMSO-d6)

1-hexylamine (1H NMR, DMSO-d6)

• δ 2.6 ppm (t, 2H) - CH2 adjacent to NH2 → primary amine

• δ 1.2–1.6 ppm (m, 8H) - methylenes → aliphatic chain

• δ 0.9 ppm (t, 3H) - terminal CH3 → alkyl chain end
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Figure 9: 1-hexylamine (1H NMR, DMSO-d6)

In Figure 7, Figure 8 and Figure 9, the three compounds presented their characteristic
peaks, which verified their purity for further use in the next steps.

4.1.1 Synthesis and characterization of C6 and C32 by 1H NMR

First, it was important to assess the results from the three initial reactants in order to
be aware of the subsequent outcomes from several reactions and to precisely identify
the different peaks along the spectra.
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1H-NMR of C6 polymer after Michael addition

Figure 10: C6 polymer molecular structure

In Figure 11 the 1H NMR spectrum of C6 (Figure 10) shows the characteristic signals
that confirm the Michael addition reaction between 5-amino-1-pentanol, 1-hexylamine,
and 1,4-butanediol diacrylate. The analysis reveals that, within the 6.5–5.5 ppm range,
the vinyl double bonds of 1,4-butanediol diacrylate are present, which underwent a slight
shift upon reaction. In the 4.3–4.1 ppm range, signals are attributed to the methylene
protons adjacent to the ester oxygen atoms (–O–CH2–), while in the 3.6–3.4 ppm range,
signals correspond to the methylene groups adjacent to the terminal hydroxyl (–CH2–
OH). In the 2.7–2.4 ppm range, signals correspond to the methylene protons adjacent
to the amine group (–CH2–NH–). Finally, the 1.9–1.2 ppm region corresponds to the
aliphatic backbone of the polymer, confirming its structural integrity, while the 1.0–0.9
ppm region shows the characteristic triplet of the terminal methyl group (–CH3) of the
hexyl chain that distinguishes C6 polymer from C32 polymer.
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Figure 11: 1H NMR spectrum of C6 polymer; solvent used: DMSO

1H-NMR of C32 polymer after Michael addition

Figure 12: C32 polymer molecular structure

In Figure 13, the 1H NMR spectrum of polymer C32 (Figure 12) displays the character-
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istic signals resulting from the Michael addition reaction between 5-amino-1-pentanol
and 1,4-butanediol diacrylate. In the region between 6.5–5.5 ppm, as observed for C6,
signals corresponding to the vinyl double bonds are detected, showing a slight shift due
to the reaction process. In the 4.3–4.0 ppm region, the protons of the methylene groups
adjacent to the ester oxygens (–O–CH2–) are observed. Of particular importance, as
highlighted in the previous spectrum, is the confirmation of the signal corresponding
to the methylene groups adjacent to the terminal hydroxyl group (–CH2–OH). In the
2.7–2.4 ppm region, the signals of the methylene protons adjacent to the amine groups
(–CH2–NH–) are present, while the main aliphatic backbone of the polymer is con-
firmed by the signals in the 1.9–1.3 ppm region. Finally, around 1.0 ppm, no terminal
methyl (–CH3) signal from hexyl chains is detected, confirming the difference between
the monomers used for the synthesis of the two polymers.

Figure 13: 1H NMR spectrum of C32 polymer; solvent used: DMSO
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From these results the expected outcomes from next reactions’ spectra are about main-
taining the integrity of the main backbone for both polymers. In particular, the peaks
in 2.7-1.0 pp, range should remain slightly the same (variations can occur due to chem-
ical shifts during reactions). Indeed, the presence of peaks in that range will confirm
the structure integrity.

4.1.2 Verification of maleimide protection by 1H NMR spectrum analysis

As the maleimide (Figure 14) can react with the free acrylates of the polymers, we
had to protect the maleimide by using furan and avoid secondary reactions [50]. If
left unprotected, this reactivity would compromise its primary function, which is to
serve as a specific reactive site for nanobody conjugation via click chemistry once the
nanoparticle is formed. This subsection is dedicated to the analysis of the 1H NMR
spectra of maleimide-COOH before and after furan protection.

Figure 14: maleimide-COOH molecular structure

In Figure 15, the 1H NMR spectrum of the unprotected maleimide-COOH is reported.
A characteristic singlet at ∼6.7 ppm corresponds to the vinyl protons of the maleimide
double bond (–CH=CH–), confirming the presence of the unsaturated maleimidic ring.
At 4.2 ppm, a triplet is observed, corresponding to the methylene protons adjacent to
the oxygen atom of the lateral carboxyl group (–O–CH2–). Finally, at 2.3 ppm, a signal
is assigned to the methylene protons adjacent to the carbonyl group (–CH2–COOH).
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Figure 15: 1H NMR spectrum of the unprotected maleimide-COOH; solvent used: CDCl3

This spectrum will serve as a reference for monitoring the structural modifications in-
troduced after the protection step. As previously mentioned, maleimide is a highly
electrophilic group that tends to react non-specifically with nucleophiles present in the
reaction environment (e.g., acrylates, amines or thiols).
In the context of the following syntheses, this would carry the risk of undesired reac-
tions with free acrylates, thereby preventing the correct subsequent functionalization
[51].

Furan was selected as a protecting group since it acts as a diene in a Diels–Alder cy-
cloaddition with the electron-deficient double bond of the maleimide (Figure 16). The
main advantage of this approach lies in its reversibility: deprotection occurs cleanly at
moderate temperatures, without generating undesired reaction products.
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Figure 16: maleimide protection reaction via Diels-Alder cycloaddition;

In Figure 17, the 1H NMR spectrum of the furan-protected maleimide is shown. A
signal at ∼6.5 ppm corresponds to the characteristic protons of the furan double bond,
while the resonance at ∼5.0 ppm is assigned to the bridgehead proton of the Diels–
Alder adduct. This latter signal is of particular importance, as it not only confirms the
successful cycloaddition but also serves as a reference for the subsequent deprotection
step, where its disappearance indicates the regeneration of the free maleimide [52].
Finally, in the region 3.6–3.5 ppm the methylene protons adjacent to the lateral carboxyl
group are observed, while the signals at 2.6–2.45 ppm correspond to the methylene
protons next to the carbonyl group.
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Figure 17: 1H NMR spectrum of the furan-protected maleimide; solvent used: DMSO

4.1.3 Ester formation by maleimide attachment and characterization by
1H, 13C, HSQC, and HMBC NMR

In this subsection, the 1H, 13C, HSQC, and HMBC NMR spectra related to the con-
jugation of maleimide to the lateral hydroxyl groups of the C6 (Figure 18) and C32
(Figure 19) polymers will be analyzed.
The reaction was carried out via Steglich esterification, employing DCC/DMAP-mediated
coupling chemistry under anhydrous conditions.
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Figure 18: C6 polymer-protected maleimide complex molecular structure
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Figure 19: C32 polymer-protected maleimide complex molecular structure

The HSQC and HMBC spectra were specifically used to confirm and further support
the successful esterification between the carboxylic group of the protected maleimide-
COOH and the terminal hydroxyl groups present on the polymer side chains.

The analysis will first focus on the spectra obtained for the C6 polymer, followed by
those corresponding to the C32 polymer.
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1H NMR spectra of C6-protected maleimide

In Figure 20, the 1H NMR spectrum corresponding to the reaction between C6 and the
furan-protected maleimide is reported. A signal is observed at approximately 6.6 ppm,
that corresponds to the vinyl protons of the furan-protected maleimide ring (–CH=CH–
), while at 5.0 ppm the characteristic resonance of the protons of the Diels–Alder
bridge is detected. These two signals provide an initial confirmation of the successful
introduction of the protected maleimide.
Further evidence is given by the signal at 4.1 ppm, assigned to the methylene protons
adjacent to the ester oxygen (–O–CH2–O–), which confirms the formation of a new
ester bond. This assignment is additionally supported by the disappearance of the 3.6
ppm resonance, originally associated with the methylene protons next to the terminal
hydroxyl group.
The remaining signals of the spectrum, observed at 2.8–2.4 ppm, 2.3 ppm, 1.9–1.2
ppm, and 1.0 ppm, confirm the correct preservation of the polymer backbone after the
reaction.

Figure 20: 1H NMR spectrum of the reaction between C6 and the furan-protected maleimide via Steglich esterification;
solvent used: DMSO
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13C NMR spectra C6-protected maleimide

In Figure 21, the 13C NMR spectrum is reported as confirmation of the successful
esterification between C6 and the furan-protected maleimide. Specifically, the resonance
observed in the region of 175–170 ppm corresponds to ester carbonyl carbons (–COO–
), originating both from the polymer backbone (internal esters) and from the newly
formed ester bond with the maleimide. In addition, signals in the 135–120 ppm range
are attributed to the vinyl carbons of the unsaturated maleimide ring involved in the
Diels–Alder reaction.

Figure 21: 13C NMR spectrum of the reaction between C6 and the furan-protected maleimide via Steglich esterification;
solvent used: DMSO
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HMBC NMR spectra of C6-protected maleimide

In Figure 22, the HMBC NMR spectrum of the C6-protected maleimide complex is
shown between protons to 2-3 bonds away. The first key correlation is detected between
the methylene protons at 4.3–4.1 ppm range and a carbonyl resonance at 173–170 ppm
range; it confirms the formation of a new ester bond resulting from the reaction between
the polymer and the protected maleimide. In addition, long-range correlations with sp2

carbons in the 145–110 ppm range indicate that the furan–maleimide adduct remains
intact after the reaction. Finally, at 3.6 ppm no signal is detected, confirming the
disappearance of the methylene protons adjacent to the terminal hydroxyl group of the
polymer due to the esterification reaction.

Figure 22: HMBC NMR spectrum of the C6-protected maleimide complex; solevnt used: DMSO
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HQSC NMR spectra of C6-protected maleimide

Figure 23 shows the HSQC NMR spectrum of the C6-protected maleimide conjugate.
The most relevant cross-peak is observed between the proton signal at 4.0 ppm and
the carbon resonance at approximately 60 ppm. This correlation corresponds to the
methylene protons adjacent to the newly formed ester bond. Another cross-peak is
observed between the signal at 66 ppm and the region 140–120 ppm, which corresponds
to the vinyl carbons of the furan–maleimide adduct, confirming their preservation.
These two significant signals provide strong evidence for the successful attachment of
the protected maleimide to the C6 polymer.

Figure 23: HSQC NMR spectrum of the C6-protected maleimide complex; solvent used: DMSO
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1H NMR spectra C32-protected maleimide

In Figure 24, the 1H NMR spectrum corresponding to the reaction between C32 and
the furan-protected maleimide is shown. At around 6.6 ppm, a signal is detected that
corresponds to the vinyl protons of the furan-protected maleimide ring (–CH=CH–),
while at 5.0 ppm the resonance characteristic of the protons of the Diels–Alder bridge
is observed. These two signals provide a solid primary confirmation of the successful
incorporation of the protected maleimide. Additional validation is provided by the
resonance at 4.2–4.0 ppm, attributed to the methylene protons adjacent to the ester
oxygen (–O–CH2–O–), confirming the formation of the ester group. This assignment is
further strengthened by the disappearance of the signal at 3.6 ppm, originally associated
with the methylene protons of the terminal hydroxyl group. The remaining peaks of
the spectra, observed in the regions 2.8–2.4 ppm, 2.3 ppm, and 1.9–1.2 ppm, confirm
the correct preservation of the aliphatic polymer backbone after the reaction.

Figure 24: 1H NMR spectrum the reaction between C32 and the furan-protected maleimide via Steglich esterification;
solvent used: DMSO
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13C NMR spectra C32-protected maleimide

In Figure 25, the 13C NMR spectrum is reported as confirmation of the successful ester-
ification between C32 and the furan-protected maleimide. Specifically, the resonance
observed in the region of 175–170 ppm corresponds to ester carbonyl carbons (–COO–
), originating both from the polymer backbone (internal esters) and from the newly
formed ester bond with the maleimide. In addition, signals in the 145–135 ppm range
are attributed to the vinyl carbons of the unsaturated maleimide ring involved in the
Diels–Alder reaction.

Figure 25: 13C NMR spectrum of the reaction between C32 and the furan-protected maleimide via Steglich esterification;
solvent used: DMSO
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HMBC NMR spectrum of C32-protected maleimide complex

In Figure 26, the HMBC NMR spectrum of the C32–protected maleimide complex is
observed. The first key correlation is detected between the methylene protons at 4.0
ppm and a carbonyl resonance at 173–170 ppm range; it confirms the formation of
a new ester bond resulting from the reaction between the polymer and the protected
maleimide. In addition, long-range correlations with sp2 carbons in the 145–110 ppm
range with 5.0 ppm and 6.5 ppm regions’ protons assessed that the furan–maleimide
adduct remained intact after the reaction. Finally, it is noteworthy that the peak at
3.6 ppmdisappeared, confirming the esterification of the polymer.

Figure 26: HMBC NMR spectrum of the C32-protected maleimide complex; solevnt used: DMSO
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HQSC NMR spectrum of C32-protected maleimide complex

In Figure 27 the HSQC NMR spectrum of the C6–protected maleimide conjugate is
shown. The most significant cross-peak is observed between the proton signal at 4.0
ppm and the carbon resonance at approximately 60 ppm. This correlation corresponds
to the methylene protons adjacent to the formed ester bond; it is the result of the
esterification reaction between C32 polymer and maleimide. Another cross-peak is
observed between the signal at 66 ppm and the region 140–120 ppm, which corresponds
to the vinyl carbons of the furan–maleimide adduct, confirming their preservation.
These two significant signals provide strong evidence for the successful attachment of
the protected maleimide to the C32 polymer.

Figure 27: HSQC NMR spectrum of the C6-protected maleimide complex; solvent used: DMSO
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4.1.4 Functionalization of the polymer with the arginine-ending peptide

In the following section, the results related to the two 1H NMR spectra of the func-
tionalization of the CRRR peptide with the two polymers C6 (Figure 28) and C32
(Figure 29) will be analyzed. Significant peaks are expected to be obtained in the
range 9.0–7.0 ppm related to the presence of the peptide [53].

Figure 28: C6-protected maleimide complex functionalization with CRRR peptide
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Figure 29: C32-protected maleimide complex functionalization with CRRR peptide

50



1H NMR spectra of C6 - protected maleimide - CRRR peptide

Figure 30 shows the result of the reaction of arginine peptide to the main C6 polymer
chain. At 9.0-7.0 ppm range the presence of significant signals are detected, corre-
sponding to the presence of arginine peptide. At 6.7 ppm the peaks associated with the
terminal acrylates groups of the molecules disappeared, confirming the success of the
reaction. The signal at 5.0 ppm, corresponding to the furan protection, is detected. The
remaining signals are slightly similar as in the previous spectra (due to the chemical
shifts caused by the reaction) and the backbone of the polymer is preserved.

Figure 30: 1H NMR spectra of C6 - protected maleimide - CRRR peptide; solvent used: DMSO
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1H NMR spectra analysis of C32 - protected maleimide - CRRR peptide

As previously said for C6 polymer, even with C32 polymer the successful reaction with
arginine peptide has been assessed and in Figure 31 the result of the reaction of arginine
peptide to the main C6 polymer chain is shown. At 9.0-0-7.0 ppm range presence of
significant signals are detected, corresponding to the presence of arginine peptide. At
6.7 ppm the peaks corresponding to the terminal acrylates disappeared, confirming the
success of the reaction. Moreover, a signal at 5.0 ppm, corresponding to the furan
protection, is detected. The remaining signals are slightly similar as in the previous
spectra (due to the chemical shifts caused by the reaction) and the backbone of the
polymer is preserved.

Figure 31: 1H NMR spectra analysis of C32 - protected maleimide - CRRR peptide; solvent used: DMSO
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4.1.5 Maleimide deprotection by 1H NMR

The following section is dedicated to the assessment of the deprotection of the maleimide
and the verification of the integrity of the final product (Figure 32) (Figure 33). The
expected outcome is to obtain the two polymers functionalized at the side chain with
maleimide and at the terminal ends of the main chain with the arginine-ending peptide.
This will serve as the starting point for the preparation of polymeric nanoparticles
through complexation with pGFP (17), followed by subsequent functionalization with
anti-EGFR nanobodies.

Figure 32: Deprotection reaction of C6 polymer complex
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Figure 33: Deprotection reaction of C32 polymer complex
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1H NMR spectra analysis of C6 - maleimide - CRRR peptide

In Figure 34, the result of the deprotection of the already linked maleimide is shown.
At 9.0-7.0 ppm range the presence of the arginine peptide is detected. The signals at
6.5 ppm and 5 ppm, respectively related to diacrylates were not present. The latter
result (absence of 5 ppm signal) is a strong evidence of the successful deprotection of
the maleimide. The remaining signals remain unchanged, confirming the preservation
of the integrity of the final product.

Figure 34: 1H NMR spectra of C6 - maleimide - CRRR peptide; solvent used: DMSO
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1H NMR spectra analysis of C32 - maleimide - CRRR peptide

As for C6 polymer complex, In Figure 35, the result of the deprotection of the already
linked maleimide is shown. At 9.0-7.0 ppm range the presence of the arginine peptide is
detected. There are no signals at 6.5 ppm and 5 ppm, respectively related to diacrylates.
Finally, the absence of the signal at 5 ppm proof the successful deprotection of the
maleimide. The remaining signals remain unchanged, and it confirms the integrity of
the final product.

Figure 35: 1H NMR spectra of C32 - maleimide - CRRR peptide; solvent used: DMSO
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4.1.6 Characterization of pBAE NPs at different ratios

Using the polymers synthesized until here with he two starting polymers (Figure 36),
pBAE NPs have been formulated by electrostatic interaction.

Figure 36: C6/c32 polymers complex as the results of functionalization with protected maleimide, attachment of CRRR
peptide and the subsequent deprotection of maleimide; These two polymers will serve as the starting point for nanopar-
ticles formation

In the following section, the different pBAE nanoparticle formulations will be charac-
terized in order to assess and select the optimal formulation for both polymers, based
on the different polymer-to-genetic material ratios.

The nanoparticles were prepared following the standard protocol adopted at the IQS
laboratories for the fabrication of pBAE nanoparticles. In this work, as previously men-
tioned, one of the two polymers used in the standard method was replaced with the
C6 and C32 polymers, previously synthesized and further modified through subsequent
functionalizations. The rationale behind this choice lies not only in the preparation of
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particles capable of optimally complexing with genetic material (due to the addition of
cationic peptides to the polymer backbone), but also in the possibility of further func-
tionalization with nanobodies via click chemistry [54]. This strategy aims to achieve
greater specificity and selectivity of the nanoformulation towards tumor cells expressing
the EGFR receptor, to which the nanobodies employed display affinity [55].

For both polymers, the nanoparticles were characterized by first evaluating the hy-
drodynamic diameter through DLS and the stability of the nanoformulation based on
the zeta potential results [56]. To achieve a more robust characterization, an agarose gel
electrophoresis protocol was performed to assess the encapsulation efficiency of pGFP
by the different formulations and polymer-to-genetic material ratios [57]. The aim was
to obtain stable nanoparticles with a size under (or close to) 200 nm.

In Figure 37, the results of the DLS characterization are reported. All the formulations
were tested in the same conditions and the polymer – to- pGFP ratio was subsequently
raised from 25:1 to 100:1. Regarding the size, for C6 polymer the most promising result
were obtained with 50:1 and 75:1 ratios since the size was close to 200 nm of hydro-
dynamic diameter. Based on the zeta potential results, all C6 polymer formulations at
the different ratios were consistent with the expected outcome, as they all exhibited a
clear positive charge, indicating the stability of the formulation.
Regarding the particle sizes of the C32 polymer formulations, the 25:1, 50:1, and 100:1
ratios were consistent with the expected values, while the zeta potential results showed
that all formulations exhibited a positive charge, in agreement with the expected out-
comes.
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Figure 37: Characterization of C6/C32 pBAE NPs via DLS; four different ratios have been tested and their results
have been reported. In A and C are respectively reported the results of C6 and C32-based formulations about the
hydrodynamic diameter while in B and D are respectively reported the results of the surface charge of C6 and C32-based
formulations

Figure 38 shows the result of the agarose gel electrophoresis. The gel wells were loaded,
from left to right, with the substrate, a quantity of pGFP as control, and subsequently
the different nanoformulations at various ratios (1:25, 1:50, 1:75, 1:100). The image
clearly indicates that almost all nanoformulations exhibit good encapsulation, with the
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exception of the C6 1:100 formulation. One possible explanation is that at the 1:100
ratio, the cationic polymer is present in large excess compared to the anionic nucleic acid
(pGFP). Consequently, the not-optimal results observed at this ratio may be attributed
to a charge imbalance.

Figure 38: Agarose Gel electrophoresis of C6/C32 pBAE NPs at different ratios in order to assess the encapsulation
efficiency

From this initial characterization, the optimal nano formulations to proceed with the
subsequent functionalization steps and in vitro studies are those with ratios of 1:50 and
1:75 for the C6-based nanoparticles, while for the C32-based formulations the optimal
ratios are 1:25 and 1:50.
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4.1.7 pBAE NPs functionalization and subsequent characterization by NTA

This section reports the results related to the functionalization of the C6-based and
C32-based nano formulations with anti-EGFR nanobodies. As described in the Mate-
rials and Methods section, the nanobodies need to be reduced before being able to bind
to the nanoparticles. Specifically, the reduction step, achieved by adding 2-MEA in the
reported amounts, aims to cleave the disulfide bonds in order to generate free terminal
thiol groups. The nanobody–maleimide conjugation relies on click chemistry, which is
characterized by: (1) the high specificity of thiol groups for maleimides; (2) the mild
reaction conditions (aqueous buffer and physiological pH, without the need for metal
catalysts); (3) the fast kinetics and high yield of the reaction. Moreover, the product
of the reaction is a stable thioether bond, resistant to hydrolysis and physiological con-
ditions, thereby ensuring that the functionalized nanoformulations remain stable and
optimal under physiological environments [58].
The results before and after functionalization are reported for both nanoformulations.
This choice was motivated by the aim of verifying how the addition of nanobodies on
the nanoparticle surface could affect their size and stability. Specifically, prior to the
actual analyses, the expected outcome was a slight shift in size toward values slightly
higher than those obtained before functionalization [58].

Figure 39 shows the NTA results related to the characterization of the nanoformu-
lations. For the C32-based formulations, the 1:25 ratio was selected, while for the
C6-based formulations the 1:50 ratio was the chosen one. Focusing on the results, for
C6-based formulations the size is closely maintained before and after the functional-
ization and it was around the range of 130 nm. For C32-based nanoparticles there is
a slight shift in the functionalized nanoparticles, compared to the not-coated ones. In
particular, from a size of 100 nm of non-functionalized nanoparticles, there is a shift
towards values around 110 nm size.
A possible reason for the lack of size variation in the C6 polymer, unlike what is ob-
served in the C32 polymer, could lie in the intrinsic structure of the polymer and its
higher hydrophobic character. In particular, the side chains of the C6 polymer are
more hydrophobic compared to those of C32 (which lacks the aliphatic side chain).
Indeed, when nanobodies are introduced, the interface between the highly hydrophobic
polymer and the aqueous environment can promote nonspecific interactions and par-
ticle aggregation. As a result, during NTA analysis, the particle size before and after
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functionalization does not show significant variations, due to the limited stability of the
nanoparticles, which may form clusters or exhibit low homogeneity.

Figure 39: Results from pBAE functionalization with anti-EGFR nanobodies via NTA. In A and B are respectively
reported the results from C6-based formulation before and after the functionalization with anti-EGFR nanobodies. In C
and D are resepectively reported the results from C32-based formulations before and after the nanobodies conjugation
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4.2 Gold Nanoparticles: synthesis and characterization

In this section, it is presented the analysis of the results related to the gold nanoparti-
cle formulations (AuNPs). As previously discussed, AuNPs are metallic particles that,
when stimulated at specific frequencies of light (particularly through localized surface
plasmon resonance, typically in the near-infrared region), undergo collective oscillation
of their conduction electrons. This process leads to localized heating of tissues, making
them suitable for photothermal therapy. Beyond their potential use in phototherapy,
AuNPs can also serve as tools for tumor screening, as they exhibit characteristic ab-
sorbance and scattering/emission profiles at defined wavelengths [59]. These optical
features allow them to be easily distinguished and detected, thereby enabling the iden-
tification of tumor sites.

In this work, as described in the Materials and Methods section, AuNPs were suc-
cessfully functionalized with anti-EGFR nanobodies by exploiting the high affinity of
terminal thiol groups for the gold surface [60] [61] (27). This functionalization ren-
dered the nanoformulations highly specific toward cells overexpressing the receptor in
the tumor microenvironment, thereby significantly enhancing their tumor screening ca-
pability.

The following subsections will first describe the characterization of the gold nanopar-
ticle formulations after the synthesis protocol, in order to confirm the success of the
reaction, enabling subsequent steps. The formulations will then be further character-
ized after functionalization with nanobodies at different ratios and the addition of PEG
5k. Finally, in the last section, the optical properties of the different formulations will
be analyzed to provide a comprehensive overview and to identify the most promising
formulation. From the characterization results, the hydrodynamic diameter of the non-
functionalized AuNPs is expected to be around 30 nm or approximately 50 nm, with
a negative surface charge [62]. Once functionalized, the formulations are expected to
show slightly larger hydrodynamic diameters compared to 30 nm, while maintaining an
overall negative surface charge [63] [64].
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4.2.1 Hydrodynamic diameter via DLS and NTA and zeta potential

The synthesis protocol was carried out in triplicate in order to ensure greater relia-
bility of the results and the success of the reaction. Characterization was performed
using both DLS and NTA. The combination of two different techniques was intended to
confirm that the properties of the nanoformulations were consistent with the expected
outcomes.

In Figure 40 the results from the characterizations are reported. To prove consistency
across the synthetic procedure, three independent samples from three independent syn-
thesis were analyzed. Starting with the size, all three samples show values around 30
nm with a PDI below or close to 0.3, indicating the homogeneity of the solutions. The
PDI values obtained and reported in the bar chart from DLS do not indicate a high
level of heterogeneity, but rather a moderate size distribution, which is common in
nanoparticle suspensions produced by chemical synthesis in solution. An explanation
to this is related to the high sensitivity of DLS to a small number of aggregates or
scattering variations, which can lead to an overestimation of the PDI.
On the other hand, the NTA results (Figure 41) graphically confirm that the nanofor-
mualtions remain homogeneous in the overall.
Regarding the zeta potential results (Figure X, right), all three samples exhibit a net
negative charge, which is typical of gold-based nanoformulations. This latter result
confirms the stability of the AuNP solutions. In particular, the most promising result
is the one of sample 2, which will be further used in the functionalization steps.

Figure 40: AuNPs characterization via DLS; hydrodynamic diameter results are reported (A) and surface charge results
are reported (B)
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Figure 41: AuNPs characterization via NTA results; This analysis stands as a comparison to better characterize the
results obtained via DLS and to strenghten the reproducibility of the synthesis technique via Turkevich method
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Effect of nanobody functionalization at different ratio and PEG addition

As previously explained, gold nanoparticles need to be functionalized if the main aim
is to target specific type of cells and to avoid the non-specificity of the binding. To do
so, anti-EGFR nanobodies have been used to functionalize AuNPs too.
Talking about the preparation of nanobodies solution, it was first reduced by using
2MEA in the same concentration of pBAE NPs treatment and a different volume of the
reduced solution was added to AuNPs solution. Subsequently, PEG 5k was added in the
quantities reported below. The idea of adding the PEG in the coating was to prevent
any aggregations from nanoparticles after the change of size and stability due to the
functionalization with nanobodies. The selected volumes were determined based on a
calculation involving the molar ratio between the initial concentration of the AuNP so-
lution (50 µg/mL) and the corresponding stock concentration of nanobody, previously
reduced with 2-MEA, which was 1.52 mg/mL. The latter, in order to obtain pipettable
volumes, was further diluted by a factor of 1:5, resulting in a final concentration of 0.305
mg/mL. The volumes of the reduced nanobody solution were then derived according to
the ratios 1:10, 1:5, 1:2, 1:1, 1:0.5, and 1:0.25. Before performing any characterization
using a specific instrument, the 6 vials (referred to 6 different ratios) were monitored in
case there was a change of colour in the solution. The expected outcome was to obtain
a solution with the same colour (pinkish red) of the not-coated solution of AuNPs:
after the addition of nanobodies it was in fact notable a slight change of colour which
returned the original when the PEG 5k was added.
Therefore, the characterization of the nanoformulations using DLS and NTA was car-
ried out to obtain robust results that could verify whether the formulations exhibited
properties as close as possible to the expected outcomes. The hydrodynamic diameter
was recorded by using NTA for each solution while the z potential lcharacterization was
carried out by using the DLS.

In Figure 42 the results from NTA have been reported. The functionalized formu-
lations were compared with the non-functionalized formulation. On the left, the non-
functionalized formulation shows a hydrodynamic diameter of approximately 30 nm.
On the right, it can be observed that, after functionalization, the hydrodynamic diam-
eter of the nanoparticles increases due to the coating with nanobodies and PEG 5k.
However, this increase remains consistent with the expected results, according to which
only a moderate size enlargement was predicted. In all formulations, the PDI remains
low, as graphically shown, indicating good homogeneity of the solutions.
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Figure 42: AuNPs characterization via NTA before and after functionalization with anti-EGFR nanobodies at dif-
ferent ratios. In A the results of the not-functionalized Au formulation are reported. In B, a comparison between
the not-functionalized and different ratios AuNPs formulations is reported to better understand the optimal ratio
AuNPs:nanobodies solution

In Figure 43, the DLS results regarding the zeta potential are reported. It can be
observed that all formulations, both functionalized and non-functionalized, exhibit a
pronounced negative charge, which is characteristic of gold-based nanoformulations.

Figure 43: AUNPs surface charge characterization via DLS before and after the functionalization with anti-EGFR
nanobodies

Considering the results from both the instruments used, the most promising nanofor-
mulations are those using 1:0,5 and 1:0,25 ratio. These are the formulations that were
the closest to expected outcomes of having negative charge and a slight increase in the
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size (preserving the PDI). In Figure 44 a comparison between the not-coated solutions
and two functionalized nanoformulation is reported.

Figure 44: Optimal results from AuNPs functionalization; 1:0,5 and 1:0,25 ratios have been selected as the most promising
among all the tested ratios

4.2.2 UV-Vis absorbance of AuNPs

In this section, the results of the UV-Vis spectroscopy analysis are presented, com-
paring the absorbance spectra of the non-functionalized formulation with those of the
functionalized formulations at different ratios. In particular, it is expected that, once
functionalized, the formulations will maintain the same or similar optical properties,
allowing their potential use in phototherapy and tumor screening.

Normally, AuNPs display a peak at 525 nm, which is expected to be observed in the
non-functionalized formulation. Once the coating is obatined, a shift of the absorbance
band is expected, due to the aggregation of the AuNPs. In Figure 45, the results
from UV-Vis spectroscopy are reported. The non-functionalized formulation exhibits
a peak at 525 nm, and a slight shift of the absorbance values can be observed in the
formulations at the different functionalization ratios [65].
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Figure 45: UV-Vis Results to assess the mainteinment of AuNPs optical properties after functionalization
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4.3 In vitro evaluation

In the following section, the in vitro results have been carried out to assess the ex-
pression of the target receptor onto four different cell lines, previously mentioned in
materials and methods section.

Flow cytometry analysis was first performed on the MDA-MB-231 and BT549 cell
lines, followed by a Western blot assay on MDA-MB-231, BT549, A375, and SK-MEL-
28, in order to confirm receptor expression in the first two cell lines and to include two
additional lines as potential analysis models.

Subsequently, the biocompatibility of the nanoformulations and transfection will be
tested in a breast cancer cell line.

4.3.1 EGFR expression profiling across four cell lines

Before testing nanoformulations’ efficacy, it is needed to assess that target EGFR re-
ceptor is expressed in the four cell lines. The aim is to firstly verify EGFR presence
in order to take advantage using a formulation engineered to reach that specific target.
Secondly, this assessment is useful in order to select an appropriate model where the
receptor is expressed to allow measurable differences between targeted and non-targeted
formulations.

4.3.1.1 Quantification of surface EGFR by flow cytometry

MDAMB231 cell line

In Figure 46 the flow cytometry analysis on MDAMB231 is reported. The analysis
highlighted a net positivity for EGFR receptor. In particular, compared to negative
controls, the population marked with anti-EGFR displays a clear shift of the signal
(99,5% of cells EGFR positive). On the other hand, the treatment with anti-HER2
receptor did not show any differences compared to the control sample, showing how
this cell line does not express HER2 on the surface. These data are a first verification
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about MDAMB231 as a proper model for testing targeting nanoformulation anti-EGFR.

Figure 46: EGFR expression profiling of MDAMB231 cell line
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BT549 cell line

In Figure 47 the flow cytometry analysis on BT549 cell line is reported. The anal-
ysis shows a high expression of EGFR receptor. Compared to negative controls, the
population marked with anti-EGFR displays a clear shift of the signal ( ≈99,9% of
EGFR-positive cells). By contrast, the treatment with anti-HER2 receptor did not
present any differences compared to the control sample, showing how this cell line does
not express HER2 on the surface. These data are a first verification about MDAMB231
as a proper model for testing targeting nanoformulation anti-EGFR.

Figure 47: EGFR expression profiling of BT549 cell line
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4.3.1.2 EGFR protein levels by Western blotting

In the following section, the results of the western blot analysis are presented. In addi-
tion to the two cell lines previously analyzed by flow cytometry, two further cell lines
were included: BT474 and SK-MEL-28. The purpose of this analysis is to confirm the
results obtained in the previous experiment and to visually verify the expression of the
EGFR receptor.

In Figure 48, the results are reported. From left to right, the lanes correspond to
MDA-MB-231, BT549, A375, and SK-MEL-28. In all four cell lines, the expression of
the EGFR receptor is visible in the highlighted band.

Figure 48: Wester Blot results of EGFR protein levels in four cell lines
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4.3.2 Cytotoxicity by MTT Assay at 24 h and 48 h

In this section, the results of the MTT assay at 24 h and 48 h are presented with the aim
of evaluating the cytotoxicity of the nanoformulations in one of the previously analyzed
cell lines. In particular, the MDA-MB-231 cell line was selected, as it proved to be an
optimal model for testing anti-EGFR targeted nanoformulations.
Regarding the formulations employed, for the AuNPs the functionalized systems were
tested at different ratios. As for the pBAE nanoparticles, the C32-based formulations,
both functionalized and non-functionalized, were tested at a ratio of 1:25; while for the
C6-based formulations, a ratio of 1:50 was selected, as it was among the optimal results
of the previous analysis the closest to the standard polymer-genetic material ratio.
In addition to a negative control, in which the cells were treated with culture medium
only, Lipofectamine nanoparticles (Lipo NPs) encapsulating pGFP were selected as the
positive control.
This choice was made because Lipo NPs exhibit both a high transfection efficiency and
a marked cytotoxicity, thus serving as an appropriate reference model for comparison
with the nanoformulations under testing.

MTT assay with AuNPs

The MTT assay performed at 24 h and 48 h showed that all gold nanoformulations
(Figure 49) exhibited high cellular tolerability, with viability values exceeding those
of the negative control. In particular, the 1:5 and 1:0.25 formulations displayed an
apparent increase, which may reflect either an enhancement of mitochondrial metabolic
activity induced by the nanoparticles or a possible optical interference with the MTT
assay. The latter phenomenon has already been reported in the literature for models
employing gold-based formulations and should not be interpreted as a genuine increase
in cell proliferation. AuNPs may induce a transient rise in mitochondrial activity,
leading to a faster reduction of the MTT salt into formazan, thereby resulting in an
overestimation of the optical signal [66]. As for the second possible cause, AuNPs can
interact with the test reagents or with the formazan product itself, interfering with the
absorbance reading at a specific wavelength and generating artificially elevated values.
In any case, no cytotoxicity was observed for any of the formulations tested, at either
24 h or 48 h [67].
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Figure 49: MTT assay results of AuNPs treatment; the comparison was made with only DMEM and Lipofectamine
Nanoparticles

MTT assay with pBAE NPs

Regarding the MTT assay performed at 24 h and 48 h on the polymeric nanoparticles
(Figure 50), the results showed that all pBAE nanoformulations exhibited good cellular
tolerability. In particular, treatments with pBAEs, when compared to the negative
and positive controls, maintained cell viability values above 90% even at 48 h. An ap-
parent increase in viability was observed at 24 h, which can be attributed to enhanced
metabolic activity induced by the nanoparticles rather than to a genuine increase in cell
proliferation. Several reports have demonstrated that pBAE polymers exhibit markedly
lower cytotoxicity compared to other polycations commonly employed for gene delivery,
such as polyethyleneimine (PEI) [68] [43]. This favorable profile is mainly attributed to
their biodegradability, which stems from the presence of hydrolyzable ester bonds [31].
When comparing free and functionalized formulations, the functionalization with anti-
EGFR nanobodies did not result in any additional toxic effects. Finally, in comparison
with the positive control, the pBAE NPs demonstrated superior cellular tolerability.
This finding further confirms the applicability of the tested formulations for gene de-
livery purposes.
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Figure 50: MTT assay results of pBAE NPs treatment; the comparison was made with only DMEM and Lipofectamine
Nanoparticles

4.3.3 Transfection efficiency by flow cytometry

This section is dedicated to the results concerning the transfection of the MDA-MB-231
cell line with the different pBAE formulations encapsulating pGFP. Specifically, GFP
is expressed in the cells once the plasmid is delivered. The use of pGFP allows for an
immediate and, above all, quantitative readout of transfection efficiency by flow cytom-
etry, without the need for additional substrates or multiple processing steps [69] We
had two controls, a negative one that consisted in the cells without any treatment and a
positive control, cells treated with lipofectamine NPs which is highly toxic but presents
a high transfection efficiency. Being composed of cationic lipids, its strong affinity for
the phospholipid membrane facilitates interaction and promotes internalization through
endocytosis. Once inside the cell, the cationic lipids induce membrane destabilization
and trigger the so-called ‘endosomal escape’ mechanism, which enables the release of
the genetic cargo into the cytoplasm.
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Figure 51 reports the results obtained for the negative and positive controls, as well as
for the treatment with standard RH NPs. The negative control displayed a negligible
fluorescence level, below 1%. The positive control, represented by Lipo NPs, resulted in
a high percentage of GFP-positive cells, in line with the expected outcomes reported in
the literature. Finally, RH NPs achieved lower values compared to the positive control,
with approximately 18–20% of transfected cells. The results obtained so far, when com-
bined with the MTT assay data, confirm the suitability of RH NPs as a biocompatible
polymeric system for gene delivery. The following sections will analyze the remaining
treatments to provide an overall perspective from which conclusions can be drawn.
Moreover, Figure 51 shows the results related to the PBAE NP formulations based
on C6 and C32 polymers. Functionalized formulations were compared with the non-
functionalized NPs to assess the contribution of nanobody functionalization to the en-
hancement of transfection efficiency. The analysis conducted on the nanoformulations
based on C6 and C32 polymers revealed significant differences between the nanobody-
functionalized and the non-functionalized versions. For the C6H NPs, functionalization
led to only a slight increase in the percentage of transfected cells compared to the free
formulation (21.7% → 22.6%). In contrast, the C32-based nanoformulations showed
a pronounced improvement upon functionalization, with transfection rates rising from
24.1% to 34.8% GFP-positive cells. These results suggest that EGFR-targeting through
nanobody conjugation can enhance transfection efficiency, although the degree of this
effect depends on the specific polymer formulation.

77



Figure 51: Transfection Efficiency results via flow cytometer of pBAE NPs before and after functionalization with anti-
EGFR nanobodies
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5 Conclusions

The first objective of this thesis work was to investigate two different nanosystems:
polymeric nanoparticles based on pBAE and AuNPs. The main objective was to en-
hance selectivity and effectivity of both nanosystems through the functionalization with
anti-EGFR nanobodies.
As previously explained, this strategy aims to combine the efficiency of nucleic acids de-
livery with the ability to selectively recognize target cells, limiting undesired side effects.

About the preliminary chemical characterization, the synthesis of C6 and C32 poly-
mer led to reproducible structures consistent with the most recent literature. Indeed,
NMR spectra analysis confirmed the integrity of the polymeric backbone for each poly-
mer and validated the functionalization with maleimide via esterification. In particular,
maleimide functionalization has represented a key step since it allowed both polymers’
structure to acquire an optimal conjugation site for the subsequent nanobody function-
alization, thanks to click chemistry.

A screening phase in the pBAE NPs was carried out across different polymer:genetic ma-
terial ratios (1:25, 1:50, 1:75, 1:100). This approach enabled the identification of proper
conditions leading to more stable systems in terms of physiochemical properties. DLS
and NTA analyses displayed that C6 optimal conditions in terms of hydrodynamic di-
ameter (around 200 nm) were represented by 1:50 ratio, meanwhile for C32 the optimal
ratio was 1:25.
For AuNPs, the synthesis via Turkevich method resulted in stable particles with a
hydrodynamic diameter around 30 nm and a negative surface charge through the char-
acterization by DLS and NTA. The successful formation of the gold nanosystems was
confirmed, showing quite low PDI values and related homogeneity.

Moving on the functionalization with nanobodies, the results for pBAE NPs highlighted
different behaviours between the two polymeric nanosystems. C32-based nanoformula-
tions displayed good stability and consistent size variation after nanobody conjugation.
For C6-based nanoformulations the results were less clear: the cause is attributable to
the intrinsic hydrophobicity of C6, influencing aggregation of nanobodies on the sur-
face. Further investigations need to be optimized for C6-based nanoformulations.
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Taking into account the in vitro studies, flow cytometry analysis revealed strong EGFR
receptor expression on the surface of MDA-MB-231 and BT549 cell lines. In particular,
MDA-MB-231 was selected as the main model for subsequent transfection assays. In
parallel, western blot assays confirmed EGFR expression across all the cell lines: MDA-
MB-231, BT549, as well as A375 and SK-MEL-28. This dual approach enforced the
evidence supporting the use of these cellular systems for nanobody-mediated targeting
studies.
In terms of cytotoxicity, pBAE NPs presented viability values over 90% after 24h and
48h in all tested conditions, confirming the low toxicity of these polymers. For AuNPs,
the results also demonstrated a good level of cellular tolerability. In some cases, an
apparent increase in viability was observed, a phenomenon already reported in the lit-
erature and attributable not to a real increase in proliferation but rather to optical
interferences of gold-based systems with the MTT assay or to transient increases in
mitochondrial metabolic activity.
Finally, regarding the evaluation of transfection efficiency, the results showed that poly-
meric nanoparticles functionalized with anti-EGFR nanobodies displayed a slight but
significant increase in the percentage of GFP-positive cells compared to the correspond-
ing non-functionalized formulations. This effect was more evident in the C32-based
formulations, in agreement with the findings from the physicochemical characteriza-
tion. However, these results require further validation: both in terms of optimizing the
amount of nanobody used for functionalization, and in terms of reproducibility and ro-
bustness of the in vitro outcomes. Additional experiments will therefore be necessary,
in order to verify the actual conjugation efficiency and to confirm transfection data
across more replicates and multiple cell lines.

To conclude, this thesis has achieved its initial objective not only in confirming the
synthesis of two nanostructured systems but also in providing concrete results regarding
the additional step represented by targeted functionalization, in line with the paradigm
of targeted therapies. The analyses related to physicochemical characterization, to-
gether with subsequent in vitro evaluations, have suggested that both systems provide
a promising basis for future development. Nevertheless, extensive optimization and
validation in preclinical models remain essential in order to translate these systems into
potential therapeutic and diagnostic tools in oncology.
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6 Future Perspectives

The present study has laid the basis for the development of two distinct but complemen-
tary nanosystems: polymeric nanoparticles based on pBAEs and gold nanoparticles;
both systems functionalized with anti-EGFR nanobodies. Although the preliminary
results confirmed the feasibility of the synthesis and functionalization, numerous path-
ways of research remain that can be undertaken in order to consolidate and expand the
applicative potential of the proposed approach.

A first field of development is related to the optimization of the polymeric formula-
tions. In particular, further studies are needed on C6 polymer and how its greater
intrinsic hydrophobicity which differentiates it from C32 polymer, is linked to the re-
sults obtained in the physicochemical characterization in terms of size and above all of
the homogeneity of the nanoformulation.

A second development is represented by the systematic evaluation of the polymer:genetic
material ratios. On this point, in the present work several ratios have been tested, but a
more in-depth analysis is needed. Possibly, a coarse-grained computational simulation
could clarify the dynamics of condensation and stabilization of the polymeric nanopar-
ticles in terms of suggesting more robust and reproducible formulation conditions [70]
[71].

Another crucial development concerns the comparison between two strategies of func-
tionalization: functionalizing with nanobodies before or after nanoparticle analysis
could reveal important differences in terms of stability of the formulation and above
all transfection yield. Moreover, the proposed analysis could be useful to evaluate the
accessibility of nanobodies bound to the polymer; the latter represents a crucial aspect
to guarantee effective targeting towards tumour cells.

On the biological side, another development concerns a more extended in vitro vali-
dation. It will certainly be important to increase the number of cell lines to be tested,
including other tumor subtypes characterized by EGFR overexpression as well.

Finally, as already mentioned, another line of research is represented by the use of
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computational chemistry and molecular docking to analyse in detail the interaction
between the conjugated nanobodies and the target receptors. By performing such sim-
ulations, it could be possible to predict the impact of chemical modifications (addition
of linkers, the role of PEG in the nanobody-receptor interaction) on the orientation
of the complementarity-determining region (CDR) loops. This approach could provide
crucial information to improve the binding efficiency and reduce potential steric inter-
ferences with the receptors [72] [73] [74] [75].

These possible development approaches have the potential to transform the prelimi-
nary results of this work into an approach with concrete prospects of application in
personalized medicine and in innovative therapies in oncology.
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