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Abstract

The cardiac conduction system (CCS) is responsible for rhythmic and coordinated
contraction of the heart by rapidly transmitting electrical impulses through fast-
conducting fibers. Conduction abnormalities can manifest as life-threatening
arrhythmia. Catheter ablation remains the standard treatment for restoring normal
cardiac rhythm, relying heavily on accurate localization of the arrhythmogenic
substrate. Intraprocedural visualization of CCS abnormalities would be game changing
in precisely guiding ablation to the region of interest and minimizing collateral
damage of healthy tissue. Although current imaging modalities such as computed
tomography (CT) combined with iodinated contrast agents (ICAs) provide high-
resolution anatomical detail, they lack the specificity needed to delineate the CCS for
targeted intervention. The use of ICAs present several limitations, including
nephrotoxicity, short half-life, and risk of hypersensitivity reactions in patients.
Bismuth-based nanoparticles (Bi Nps) offer a promising alternative to ICAs due to
bismuth’s higher atomic number (Z=83) compared to iodine (Z=53), resulting in
greater X-ray attenuation. Their nanoscale size enables Bi Nps to evade renal filtration,
thereby prolonging circulation time and enhancing the imaging window. Unlike ICAs,
Bi Nps can be functionalized with antibodies targeting specific proteins, such as
Contactin-2 (Cntn2), which is preferentially expressed on CCS cells. The aim of this
work is to synthesize high-payload Bi Nps with strong radiopaque properties that can
be conjugated with Cntn2 antibodies, enabling targeted binding to Cntn2-expressing

cells.

Bi Nps were synthesized by dissolving bismuth (lll) nitrate pentahydrate in 1,2-
propanediol, using a-D(+) glucose as a surfactant and borane morpholine as a
reducing agent. The synthesized Bi NPs were subsequently PEGylated using a layer-
by-layer (LbL) approach, employing poly(allylamine hydrochloride) (PAH) and
poly(acrylic acid) (PAA) as polyelectrolytes, followed by the addition of amino-PEG-
acid (NH,-PEG-COOH). PEGylated particles were further conjugated with Cntn2
antibodies using NHS/EDC chemistry.

Dynamic Light Scattering (DLS) and Zeta Potential analyses revealed an average

hydrodynamic diameter of 107.8 + 1.9 nm and a surface charge of -26.6 + 1.7 mV for



the Bi Nps. Ultraviolet-Visible (UV-vis) spectroscopy showed a broad and stable
absorption between 350-400 nm over 20 weeks. Transmission Electron Microscopy
(TEM) confirmed the crystalline structure, with a bismuth core-size of 65.6 £ 9.6 nm.
MicroCT analysis confirmed significantly higher X-ray attenuation compared to
commercial ICAs. The success of the LbL coating was confirmed at each step by DLS
analysis, which showed a progressive increase in hydrodynamic diameter. Zeta
potential measurements revealed corresponding changes in surface charge,
confirming a negative value for the PEGylated particles, which was maintained

following Cntn2 conjugation.

In conclusion, Bi Nps demonstrated sustained colloidal stability and superior X-ray
attenuation compared to commercial ICAs, reinforcing their potential as a
nanoparticle-based alternative for X-ray imaging. Furthermore, Bi Nps were
successfully PEGylated and conjugated with Cntn2 antibodies to enable targeted
visualization. Their enhanced physicochemical properties and targeting capability
highlight their suitability for visualizing the CCS and advancing precision imaging in

electrophysiological interventions.
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1 Chapter 1 - Introduction

1.1 The Cardiac Conduction System

The Cardiac Conduction System (CCS) is responsible for the initiation and propagation
of the cardiac electrical stimuli, responsible for the rhythmic and coordinated
contraction of the myocardium, that is required to efficiently pump blood throughout

the body.

The impulse originated in the sinoatrial (SA) node, located in the junction between
the atrium and the superior vena cava. Here, pacemaker cells spontaneously generate
an electrical signal that spreads rapidly through the atrial myocardium, to reach the
atrioventricular (AV) node. The electrical stimulus here is delayed, allowing the atria
to fully contract and the ventricles to completely get filled with blood. The impulse
then enters the His bundle, a group of conductive fibers that crosses the barrier
between atria and ventricles, which otherwise would be electrically isolated. From
the His bundle, the signal travels rapidly down to the right and left bundle branches
and into the Purkinje fiber network, which distributes the impulse throughout the
ventricles, triggering a coordinated and efficient ventricular contraction (Figure 1).
Through this sequential regulated pathway, the CCS ensures a proper synchrony of

the cardiac cycle'?.
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Figure 1: Schematic view of the Cardiac Conduction System. Picture derived from

https://my.clevelandclinic.org/health/body/21648-heart-conduction-system?

When these structures do not work properly, the electrical stimuli can be slowed
down, blocked, or misdirect, leading to abnormal heartbeats. These conditions,
known as arrythmias, severely affect the hearth’s ability to contract in a synchronized
and efficient way, because they can reduce the cardiac output and the blood flow to
vital organs, becoming life-threatening. For example, hemodynamic compromise can
lead to a range of serious clinical consequences such as syncope, cerebral ischemia,
hearth failure and, in the most severe cases, cardiac arrest. Additionally, excessively
slow rhythms (bradycardia), which consist of ineffective stimulations of the ventricles,
may not ensure an adequate oxygen supply to the tissues, while fast rhythms
(tachycardia), related to abnormal and uncoordinated electrical impulses, reduce the
filling time of ventricles, further decrease the amount of blood pumped out. Thus,
the presence of these arrythmias represent an immediate threat to the patient’s
clinical stability and requires timely and targeted intervention to restore normal heart

rhythm and prevent systemic damage.

Currently, the most effective treatment of cardiac arrythmias in patients is the
catheter ablation (CA) procedure, that has the goal to eliminate arrhythmogenic

tissues. The procedure is carried out, in a minimally invasive way, by inserting one or



more catheters through a peripheral vein (usually the femoral one) and guided to
reach the endocardium. Once the targeted area is reached, energy, usually
radiofrequency (500—-1000 kHz) or cryoenergy, is applied through the catheter directly
to the abnormal tissue, in correspondence of the CCS esulting in a thermal controlled
lesion (Figure 2). This procedure transforms the arrhythmogenic tissue into a scar
tissue that is no longer able to generate or conduct abnormal electrical impulses. The

overall effect is the restoration of the normal heartbeat?®.
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Figure 2: Schematic view of Catheter Ablation procedure. Picture derived from

https://my.clevelandclinic.org/health/treatments/16851-catheter-ablation®

Between 2000 and 2013, the number of catheter ablation procedures performed for
the treatment of cardiac arrhythmias in the United States increased significantly.
According to data from the National Inpatient Sample (NIS), approximately 520,000
inpatient ablations were carried out during this period®). Despite encouraging
progress, long-term success rates remain suboptimal, hovering around 60%—70% in
patients with persistent atrial fibrillation (AF) and 80%—90% in those with paroxysmal
AF78, These figures, while reflective of important advances, still imply that a
substantial proportion of patients, particularly those with persistent AF, may require
repeat ablation procedures. Although the introduction of technologies such as 3D

electroanatomic mapping, contact force—guided radiofrequency ablation, and



cryoablation has significantly improved safety and efficacy, these approaches remain
imperfect. There remains a clear opportunity to refine existing techniques to reduce
recurrence and the burden of repeat interventions. Given the non-negligible rates of
arrhythmia recurrence and the frequent need for repeat procedures, it is evident that
further optimization of catheter ablation strategies is warranted. In this context,
advanced imaging modalities have emerged as critical tools to enhance procedural
planning and precision. A variety of imaging techniques can be employed to
complement and support catheter ablation, offering detailed anatomical visualization
of the cardiac chambers and, increasingly, insights into arrhythmogenic substrates.
These modalities can help tailor ablation strategies to individual patients, potentially
improving long-term outcomes and minimizing the need for repeat interventions. The
following chapter will explore these current imaging techniques in greater detail,

highlighting their roles in guiding and optimizing catheter ablation procedures.

1.2  Current Imaging Techniques to Support Catheter Ablation
Procedure

Multimodal imaging plays an important role since they provide the definition of
cardiac chambers anatomy and, potentially even the arrhythmogenic substrates,

identifying the area to be ablated and helping to guide the ablation strategies.

Among the most relevant imaging techniques for guiding catheter ablation,
Intracardiac echocardiography (ICE) is an imaging technique that involves placing an
ultrasound probe on the tip of a catheter, that is further introduced into the cardiac
chambers through peripheral veins. ICE provides high-resolution, real-time
visualization of cardiac anatomy and catheter position within the heart by using an
ultrasound transducer to emit high-frequency sound waves and receive the returning
echoes to create dynamic images of intra-cardiac structures with minimal
interference such as air or lung artifacts. In catheter ablation procedures, ICE enables
precise visualization of cardiac allowing the correct location of the ablating catheter

during CA procedure and its contact with tissue®©,



Electroanatomic mapping (EAM) is an advanced technology used to create a precise
three-dimensional (3D) model of the heart’s anatomy combined with electrical'!
activity data. This process involves the use of catheters equipped with sensors that
use magnetic fields, impedance or both, to record local electrical signals at multiple
points on the endocardial surface!l. These paired anatomical and electrical data
points can be color-coded to create comprehensive heatmaps to visually display the
cardiac geometry or arrhythmogenic substrates; for example, low-voltage scar areas
or sites of delayed conduction. These maps can be used to guide the ablation catheter

navigation to focal sources and slow conduction zones responsible for arrhythmias®.

Cardiac Magnetic Resonance (CMR) is a non-invasive imaging technology that uses
magnetic fields and radiofrequency pulses to produce detailed images of the heart
and the great vessels without involving ionizing radiation. It exploits the magnetic
properties of hydrogen protons in body tissues; when placed in a strong static
magnetic field, these protons align with the field and can be excited by
radiofrequency pulses!!. The emitted signals during relaxation are spatially encoded
to create high-resolution images that can be used as pivotal in CA procedure, both
pre- and post-procedure, providing detailed anatomical maps of cardiac chambers®.
Computed tomography (CT) is a medical imaging technique that uses X-rays to
produce detailed cross-sectional and 3D images of the body, including the heart and
its surrounding structures. These reconstructions help electrophysiologists identify
patient-specific anatomical variations and landmarks critical for safe and effective

catheter navigation and precise lesion placement during ablation procedures®*2,

While multiple imaging modalities are employed to support CA, there’s still an unmet
need, since these technologies can’t provide real-time intraprocedural feedback on
where to ablate with precision. This represents a critical limitation, because improving
outcomes and minimizing recurrence depend on the accurate identification of

arrhythmogenic regions during CA procedure itself.

ICE, for example, plays a valuable role in catheter navigation and anatomical
visualization, but it does not provide functional feedback to guide ablation targets.
Electroanatomic mapping systems can generate heatmaps based on electrical activity

and voltage, offering some preliminary insights into ablation effectiveness. However,



they are limited by the inability to visualize the CCS, with the risk of ablating non-
target regions. Furthermore, signal interpretation can be ambiguous, especially in

structurally abnormal myocardium.

Cardiac MRI provides high-resolution anatomical and structural information but lacks
the capability to guide ablation in real time and requires the patient to be moved to
a dedicated imaging suite. CT imaging, although capable of offering high spatial
resolution and holding promise for integration into procedural workflows, still falls
short in distinguishing the CCS from surrounding soft tissue and therefore cannot yet

provide dynamic, intraoperative guidance during ablation.

One of the central challenges in CA remains the risk of damaging healthy myocardial
tissue due to the absence of precise and anatomical-functional guidance during the
procedure. The ability to selectively highlight the CCS and the relevant
arrhythmogenic substrates, ideally through advanced intraoperative imaging such as
CT, would enable more targeted ablation, reducing collateral damage and enhancing

procedural efficacy and safety.

The following section explores the current and future roles of CT imaging in this
context, with a particular focus on its limitations and opportunities for optimization

as a real-time decision-support tool for guiding catheter ablation procedures.

1.3 Computed Tomography

Computed Tomography (CT), first introduced in 1972 by Godfrey Hounsfield and Allan
Cormack, is based on the same physical principles as radiography: using X-rays to
obtain internal images of the body. However, in CT the X-ray tube and detector rotate
around the patient, capturing images from hundreds of different angles. Each image
captures a cross-section (or "slice") of the body. This way, data representing different
perspectives of the same anatomical area is collected. The raw data from the two-
dimensional images of each slice are sent to a computer, which reconstructs a three-

dimensional image. This process allows for the virtual "slicing" of the body into thin



1.3.1

sections, eliminating the overlap of structures typical in traditional radiography. Thus,
CT can provide detailed three-dimensional images of internal body structures,
enabling them to precisely locate lesions or abnormalities and plan surgical
procedures or treatments with greater accuracy. Thanks to this detailed scanning, CT
can visualize large-scale structures, such as bones, organs, and tissues in the human

body, with spatial resolution ranging from 0.5 mm to 1 mm?13,

X-ray Attenuation Principles

Radiography was first discovered in 1895 by German physicist Wilhelm Conrad
Rontgen, X-rays quickly transformed medical practice by providing a non-invasive
method to visualize the inside of the human body. X-ray imaging relies on the
interaction of X-ray beam with human body tissues. X-rays are a form of
electromagnetic radiation with very short wavelengths, typically ranging from 0.01
nm to 0.1 nm?, allowing them to penetrate solid materials. When an X-ray source
emits radiation toward a patient, photons pass through body tissues, interacting
differently depending on the density and atomic number of the elements present in

those tissues.

A material's ability to attenuate X-rays depends on its attenuation coefficient, which
is closely related to the atomic number (Z) of the elements in the tissue and its
density. Different tissues, even if composed of similar elements, may appear
radiographically distinct if there is a density difference among these elements.
Structures like bone tissue, with a high calcium (Z = 20) and phosphate (Z = 15)
content, have higher atomic numbers and significantly greater density (density = 1.85
g/cm3) than the other tissues, absorbing more radiation and thus attenuating the X-
rays reaching the detector. This creates the typical images seen in radiography, where
bones appear lighter, while soft tissues, like muscles (density = 1.06 g/cm?3) or fatty

tissue (density = 0.91 g/cm?3), appear darker because they absorb less radiation °.

When an X-ray beam interacts with matter, an X-ray photon is completely absorbed
by an atom within the material in a process known as photoelectric absorption. Here,

the photon transfers all its energy to an electron bound to the atom, causing the



electron to become excited and expelled from its orbital (becoming a photoelectron),
thereby ionizing the atom (Figure 3A). This process is more likely to occur in materials
with high atomic numbers (Z), such as bones containing calcium (Z = 20), have a high
probability of photoelectric absorption, which means they attenuate X-rays more
than soft tissues. Conversely, in soft tissues composed of low atomic number
elements, electrons are not tightly bound to the nucleus. When an X-ray photon,
strikes a weakly bound or free electron, it transfers much of its energy to the electron
and changes direction. This process, known as Compton scattering, does not fully
eliminate the photon but reduces its energy and alters its path, while the electron is
ejected from the atom (Figure 3B). Compton scattering does not depend significantly
on atomic number but rather on the electronic density of the material; it tends to
occur in tissues with relatively uniform density, like soft tissues. Compton scattering
reduces image contrast, as the deflected photon does not directly contribute to image

detail formation?®.

A Photoelectric effect B Compton scattering
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Figure 3: Schematic view of (A) the Photoelectric effect and (B) Compton scattering. Picture adapted

from Hsu et al.?® showing a

The overall attenuation of X-rays depends on the combination of photoelectric effect
and Compton scattering. It is expressed in terms of the linear attenuation coefficient
(1), which describes how quickly an X-ray beam loses energy as it travels through a
material:

p*Z*
T AxE3

U



Where p is the density of the material, Z is the atomic number, A is the atomic mass
of the elemental constituents, and E is the incident X-ray energy. Notably, the fraction
of attenuated radiation depends exponentially on the atomic number of the atoms in
the material, since W is proportional to Z*. Thus, the calculated p value is inherently

dominated by the Z term.

Therefore, denser materials, which have more atoms per unit volume, and materials
composed of elements with a high atomic number, attenuate X-rays to a greater
extent; additionally, the higher the energy (E) of the incident X-ray, the lower the

attenuation will be.

Since W is an extensive property, the X-ray attenuation from atoms or materials is
additive over a distance. If the atomic composition of a material is known, the
material's attenuation can be derived by adding the attenuations from the individual
elemental components. In fact, through p, it is possible to calculate the fraction of
emitted radiation that is attenuated by a given material, according to Lambert-Beer's

law:

Where | is the transmitted radiation intensity, lo is the incident radiation intensity, and
W is the X-ray attenuation, with p representing density and x the thickness of the
material, which is the linear distance traveled by the X-ray beam through the
material'®. Thus, 1-1/lo represents the fraction of radiation attenuated by a material
as its thickness varies, while p/p represents the mass attenuation coefficient of a given

element or material as a function of its weight.

The K-edge is another important parameter that defines the energy needed to
remove an electron from the innermost shell of an atom, called the K-shell. When the
energy of the X-rays used in imaging is just above this threshold, the element's ability
to absorb radiation increases sharply, which appears as a peak in attenuation
coefficient graphs. This effect is especially important for elements with a high atomic
number (Z), such as iodine, barium, gold, lead, and bismuth. Their K-edge values fall
within the energy range typically used in medical imaging (33-90 keV), which matches

the range of X-ray energies applied in diagnostic radiology. For instance, iodine has a



K-edge at 33.2 keV and barium at 37.4 keV, while gold, lead, and bismuth have higher
values (80.7, 88.0, and 90.5 keV, respectively). However, although gold, lead, and
bismuth have higher atomic numbers and densities than iodine and barium, this
doesn't automatically mean they are always more effective as contrast agents. In the
40-80 keV energy range, iodine and barium often show better performance when
considering X-ray absorption per unit of mass. This is because their K-edge lies exactly
within this range, leading to a strong increase in attenuation. On the other hand, if
we look at attenuation per unit of volume (meaning how much radiation is absorbed
in the same physical space), then denser elements like gold, lead, and bismuth can be
more effective, simply because there are more atoms packed into the same volume,
and therefore more chances to absorb the radiation. From these reasons, the choice
of the element to be used as a contrast agent depends not only on its atomic number,
but also on the position of its K-edge relative to the imaging energy, the density of
the material, and the method of administration. This makes the selection of the
contrast agent a highly tailored process, carefully adapted to the specific clinical

application.

The ability of matter to attenuate X-rays is quantified in Hounsfield units (HU). Most
CT scanners are calibrated using water as a reference, assigning it a "density value"
of 0 HU, while air is assigned a value of -1000 HU. For a material with a linear X-ray
attenuation coefficient, denoted as "p," the corresponding HU value is calculated

using the formula:

U — Uwater

HU=( )*1000

.“water

where Hwater is the linear X-ray attenuation coefficient of water. Attenuation values
typically range from -1000, 0, and 1000 HU for air, water, and bones, respectively,

while the values are within a narrow range between 0 and 100 for soft tissues'4’,



1.3.2 Clinical Use of CT Applications and Limitations

Computed tomography (CT) plays a central and versatile role across a wide range of clinical
applications, since its rapid acquisition time, widespread availability, and integration
into diagnostic and interventional workflows have made it indispensable in

contemporary healthcare.

In oncology, CT is fundamental for tumor detection, staging, guiding biopsies, and monitoring
therapeutic response. Tumors often alter the morphology and density of affected tissues, and
CT can detect these changes with high precision. Fro instance, during staging, CT allows
clinicians to assess tumor size, involvement of adjacent structures, and the presence of
distant metastases. Moreover, it provides real-time guidance during biopsy procedures and
enables longitudinal monitoring of treatment efficacy by evaluating morphological changes
over time®, Its diagnostic performance can be further enhanced when combined with other
imaging modalities, such as PET/CT, where metabolic activity detected by PET is precisely
mapped onto anatomical structures provided by CT *°. This combination has proved to be
effective in oncology, but also, showed successful applications in, neurology, and
cardiovascular disease®. In vascular imaging, CT angiography (CTA) provides high-resolution
visualization of both arterial and venous structures, facilitating the diagnosis of aneurysms,
stenoses, congenital vascular anomalies and planning endovascular or surgical
interventions®®, In trauma and emergency medicine, CT is considered the gold standard for
the rapid identification of life-threatening conditions such as intracranial hemorrhages, organ
lacerations, fractures, and other internal injuries. These critical findings can directly inform
urgent clinical decisions and can significantly improve patient outcomes®®. In the context of
pulmonary imaging, CT enables visualization of fine structures such as distal bronchi and the
pulmonary interstitium. This is essential for diagnosing conditions including pulmonary
embolism, pneumonia, interstitial lung disease, and COVID-19-related complications.
Similarly, in abdominal imaging, CT provides a comprehensive view of intra-abdominal
organs, allowing clinicians to evaluate a variety of conditions such as appendicitis, hepatic
lesions, renal pathologies, and bowel obstructions®. Lastly, CT is also widely applied in the
musculoskeletal field, where it aids in detecting bone trabeculae, identifying bone marrow
edema, characterizing renal stones, and diagnosing osteomyelitis. It also plays a crucial role
in characterizing renal calculi by providing accurate measurements of stone size, density, and

location, which are essential for determining appropriate treatment strategies®®.



In each of these domains, CT provides critical anatomical information that directly
impacts diagnostic accuracy and patient management. But despite these broad and
vital applications, CT does not come without limitations. First of all, its reduced ability
to clearly distinguish between tissues with similar attenuation properties: CT is
optimal for visualizing dense structures like bones but struggles to differentiate
tissues with similar densities, such as soft tissues, blood vessels, muscles, fat, and
some tumor formations. This results in images with low contrast and insufficient
detail, affecting the accuracy and sensitivity of diagnosis. Another key limitation is
radiation exposure. Compared to conventional X-rays, CT delivers a significantly
higher dose of ionizing radiation, raising concerns about cumulative exposure,
particularly in pediatric patients?®, or individuals undergoing repeat imaging?'.
Moreover, CT may fail to detect very small lesions or microstructural abnormalities
due to spatial resolution constraints. This can impact the sensitivity of CT in

identifying early or minimal disease, such as metastases or subtle vascular changes?2.

These limitations have driven increased research into contrast agents, to enhance the
localization and characterization of such structures, facilitating the identification of
tumors, vascular lesions, and other abnormalities that might otherwisenot properly

visualized.

1.4  X-ray Medical Contrast Agents

X-ray contrast agents are atoms or molecules formulated with elements of high
atomic number (Z), such as iodine (Z = 53) or barium (Z = 56), that can absorb X-rays.
Acting as temporary "markers," these molecules that can be injected into the
circulatory system to locally enhance X-ray opacity, allowing clearer differentiation in
diagnostic images of soft tissues, blood vessels, or small tumors, which would

otherwise appear indistinct under traditional X-ray imaging.



14.1

So far, the clinical approved contrast agents are iodine contrast agents (ICAs). The X-
ray attenuation coefficient of iodine (1.94 cm?/g) is significantly higher than that of
bones (0.186 cm?/g), and soft tissues (0.169 cm?/g), making ICAs much more effective
at generating contrast in CT imaging!®. Due to their water solubility, ICAs can be
administered via the gastrointestinal tract and intravenously, making them ideal for
a variety of applications, including vascular imaging. Soluble molecular contrast
agents are primarily filtered by the renal system and eliminated through urine,
making them particularly useful for imaging circulatory and renal function. In the
United States, the most commonly used ICAs, with Food and Drug Administration
(FDA)-approved variants, include iopamidol and iodixanol, which are administered
through intravascular injection The ability of an ICA to attenuate X-rays depends on
the number of iodine molecules present in the tissue to be imaged and is inversely
related to the X-ray energy used for imaging. Therefore, the type and amount of
contrast media used for a given purpose also depend on the imaging characteristics

required.

Current Limitations of lodine-based Contrast Agents

Although contrast agents are widely used in clinical practice, their increasing use has
also highlighted several limitations that continue to drive research toward improved

alternatives.

Acute and chronic reactions to ICAs are influenced by several factors, including the
chemical nature of the contrast agent and the volume of the drug administered. For
instance, the average daily physiological turnover of iodine is 0.0001 g, while the total
iodine content in the human body (mainly in the thyroid gland) is about 0.01 g. An
injection of 120 mL of a contrast agent with a concentration of 370 mg of iodine/mL
results in 44.4 g of iodine delivered into the body in less than a minute, over 300,000

times the daily turnover of iodine?3.

Acute reactions typically occur within an hour of injection. The severity of these

reactions can range from mild, such as injection site pain, nausea, vomiting, rash, or



hemodynamic changes, to very severe, such as respiratory distress, laryngeal edema,
hypotension, and cardiovascular collapse?*. Delayed reactions, which occur at least
an hour after exposure and may last up to a week, are usually less severe and

primarily manifest as itchy rashes, hives, nausea, and occasionally hypotension.

Another potential complication of using ICAs is contrast-induced nephropathy (CIN),
which refers to kidney damage that develops after exposure to the ICA. CIN is
diagnosed when there is an increase in serum creatinine concentration greater than
25% within three days of ICA use, provided there are no other obvious causes.
Although CIN is rare in patients with normal renal function (with a probability of less
than 5%), the high volume of contrast used can be problematic in patients with
compromised renal function, reaching up to 50% in patients with severe renal
dysfunction. For this reason, the minimum necessary dose is often administered to
patients with renal insufficiency?. The primary risk factors for CIN include pre-
existing kidney disease, advanced age, diabetes, hypertension, and the use of

nephrotoxic drugs?®.

Furthermore, ICAs are rapidly filtered by the kidneys, meaning that the half-life of
these agents in the body is relatively short (only a few minutes)?’, resulting in a brief
imaging window. However, for clear and detailed imaging during diagnostic
procedures, the contrast agent must remain in the bloodstream long enough to
adequately opacify the targeted tissues. This can be achieved by administering a
relatively high dose of contrast or making frequent injections over a short period. As
a result, repeated ICAs injections and radiation exposures can occur in some patients
with specific imaging requirements, increasing the risk of allergies or other adverse

effects.

Additionally, the repeated application of ICAs during diagnostic X-ray procedures,
results in a significant increase in radiation-induced DNA damage?8. This is primarily
because the use of these agents requires relatively high X-ray exposure to obtain
high-quality images. Prolonged or repeated exposure to ionizing radiation can pose
health risks, such as an increased risk of cancers, tissue damage or mutation?®, which

is particularly concerning for patients who require frequent scans.



Therefore, there is a clear need to develop alternative strategies for X-ray CT imaging
based on the need for a CT contrast agent with minimal dose requirements and

improved safety.

1.5 Nanoparticles-based X-ray Contrast Agents

In this context, nanoparticle-based contrast agents have become a focus of research.
One of the key requirements of these formulations is their ability to be efficiently
eliminated from the body, ideally through renal excretion. This process is regulated
by a combination of critical factors, including the particle’s hydrodynamic diameter,

the surface charge, and to a lesser extent, the shape and density of the core.

The glomerular filtration barrier is highly selective and consists of a fenestrated
endothelium (with pores of 70-90 nm), a negatively charged glomerular basement
membrane (GBM) with pores of 2—8 nm, and podocytes forming filtration slits of 4—
11 nm3%31, In this context, it has been established that nanoparticles with a diameter
smaller than 5.5 nm can be efficiently cleared by the kidneys through glomerular
filtration?” while the larger ones are quickly taken up by the reticuloendothelial

system (RES), especially in the liver and spleen.

This explains why traditional ICAs, which are small water-soluble molecules (<1 nm in
diameter) that fall within the size range compatible with renal filtration, exhibit rapid
systemic clearance!®. Therefore, they require high doses to achieve sufficient

contrast, that may lead to potential toxicity in patients with impaired kidney function.

On the other side, nanoparticle-based contrast agents, which generally range in size
from 1 to 1000 nm, do not easily cross the glomerular filtration barrier and therefore
tend to remain longer in circulation. This is a significant clinical advantage for patients
with renal impairment, because being large enough to avoid renal clearance leads to
longer imaging windows, compared to ICAs, allowing for extended visualization of

tissues and organs. This reduces the need for repeated injections and broadens the



clinical use of contrast agents in patients who cannot tolerate iodinated compounds.
Their theoretical advantages over traditional ICAs, include also the opportunity to
tailor surfactants to minimize adverse biological responses (e.g., functional group
display and surface charge), and the potential for site-directed imaging by adding
biological targeting groups (such as small ligands, antibodies or peptides) to the
particle surface for tissue-specific imaging3>33. For instance, as shown in Figure 4
nanoparticles can be functionalized with polymers chains, specific coatings,
fluorescent labels and/or targeting ligands. For what concerns the radiopaque
component, it can be incorporate into a polymeric nanoparticle, either loaded in the
core, embedded in the coating, or bound to the surface, or consist of an inorganic

nanoparticle composed of an element with intrinsic X-ray attenuating properties34.
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Figure 4: Main strategies to design nanoparticle-based X-ray contrast agents. Picture adapted from
De La Vega & Hafeli**, representing the The contrast effect can come from either (A) a polymeric
nanoparticle where the radiopaque material is loaded into the core, embedded in the coating, or
attached to the surface, or (B) an inorganic nanoparticle made of a material that naturally attenuates

X-rays.

Nanoparticles-based X-ray contrast agents can be broadly classified into two
categories based on their composition, liposomal iodine-based and metal-based

contrast agents.



1.5.1 Liposomal lodine-based Nanoparticle Contrast Agents

Liposomal ICAs are spherical nanoparticles composed of a double lipid membrane
surrounding an aqueous core'. Liposomes that incorporate "stealth" properties by
including polyethylene glycol (PEG), or other hydrophobic polymers, on their surface
and iodine-based cores, such as iohexol or iodixanol, offer numerous advantages over
traditional ICAs for vascular and cardiac imaging. Their size, typically around 100 nm,
allows for longer circulation times in the bloodstream compared to the traditional
non-liposomal ICAs. Additionally, because of their size, stealth liposomes are
primarily cleared by RES rather than renal filtration, particularly in the liver and the
spleen, where they can persist for long time. Also, due to their prolonged circulation
time, liposomes are effective in imaging tumors, leveraging the enhanced
permeability and retention (EPR) effect, which enables passive accumulation in solid
tumors. However, the iodine concentration in the core of these liposomes may be

relatively low, potentially reducing their radiopacity abilities®®.

1.5.2 Metal-based Nanoparticle Contrast Agents

Metal-based nanoparticles, on the other hand, allow for more specific modulation of
physicochemical properties, including size, shape, surface charge, and coatings,

which directly influence renal excretion and their behavior in the body.

First, metal-based nanoparticles have shown great promise as X-ray contrast agents
thanks to their high electron density, which allows for efficient X-ray attenuation, and
their ability to carry a much higher payload of contrast atoms compared to traditional
ICAs or liposomal-lodine systems. However, in aqueous or biological environments,
these nanoparticles can go through several chemical and physical changes, such as
aggregation, adsorption, redox reactions, and dissolution, which consists in the
release of metal ions from their surface. The release of metal ions from nanoparticles
in biological fluids is an important aspect to evaluate their safety and behavior
through body. This process depends on both external conditions and internal

features. For instance, the pH of the environment can affect the colloidal stability of



the nanoparticles and influence how easily they release ions into the solution: if they
dissolve too quickly their structure can be compromised, and this may reduce their
performance as contrast agents. Moreover, the release of metal ions is often linked
to toxicity, because these ions can interact with many cellular components like
proteins, membranes, and DNA, potentially causing oxidative stress, inflammation,

or cell death3.

At the same time, their surface chemistry plays a key role: nanoparticles with neutral
or zwitterionic coatings are cleared more efficiently than those with charged surfaces
most likely because they adsorb fewer plasma proteins and have better water
solubility3®37, Metal-based NPs contrast agents usually have a dense metal core (such
as gold, bismuth, tantalum, tungsten, or platinum) and can be coated with materials
like polymers, proteins, lipids, or silica to improve their pharmacokinetics,
biocompatibility, and stability. In fact, surface coatings can act like a barrier, slowing
down the ion release by limiting direct contact with the surrounding environment.
For instance, coating them with hydrophilic polymers like polyethylene glycol (PEG)
helps prevent aggregation and makes it harder for the immune system to recognize
and clear them quickly. PEG chains also increase the overall size of the particles,
which means they’re less likely to be filtered out by the kidneys. Altogether, the larger
size and special surface design help these nanoparticles stay in the bloodstream

longer and work more effectively as contrast agents*®.

Among the various metal-based nanoparticles explored for CT imaging, gold (AuNPs)
and platinum (Pt-NPs) based contrast agents have emerged as particularly promising
due to their high atomic numbers, Z = 79 and Z = 78, respectively, which confer
enhanced X-ray attenuation properties compared to traditional ICAs (Z = 53). Pt-NPs,
when synthesized using albumin templates, or coated with hydrophilic and
biocompatible polymers such as PAA, PAAMA, and PMVEMA, have demonstrated
high hemocompatibility and biocompatibility, along with higher contrast efficiency
compared to ICAs38. AuNPs are among the most studied radiopaque nanomaterials,
with a high density (19.3 g/cm3) and an attenuation coefficient (5.16 cm?/g at 100
keV) that far exceeds that ICAs, bones (0.186 cm?/g), and soft tissues (0.169 cm?/g).

This enhanced X-ray attenuation makes AuNPs much more effective than traditional



ICAs at generating contrast in CT imaging, potentially showing a clear delineation of
cardiac ventricles and great vessels3°4°, Moreover, gold exhibits a high biosafety
profile, can be synthesized in various sizes and shapes and benefits flexible surface

functionalization, offering excellent stability and cellular specificity'#1®,

Although these numerous advantages, he chemical stability of AuNPs, which allows
them to remain in the bloodstream for extended periods, may lead to
bioaccumulation if administered with repeated uses, potentially causing long-term
toxicity issues*®#1, Furthermore, the high cost of noble metals like gold and platinum

poses economic challenges for large-scale production and commercialization®?.

1.6 Bismuth-based Nanoparticles as X-ray Contrast Agent

Although metal-based nanoparticles like gold and platinum have shown great
potential as X-ray contrast agents, recent developments in biomedical imaging have

highlighted some important limitations.

The selection of elemental bismuth (Bi) as an inorganic nanoparticle core for the
functional atoms in nanoparticle-based contrast agents has gained attention for CT
imaging. Bismuth is a heavy metal, but unlike its neighbors in the periodic table (such
as lead and mercury), it has a relatively low intrinsic toxicity®3. It is commonly used in
over-counter medications, such as bismuth salicylate, which is used to treat

gastrointestinal disorders by forming a protective layer on the stomach lining**.

Bismuth has unique chemical and physical properties, enabling superior X-ray
absorption with high biocompatibility. In fact, bismuth has a higher atomic number
(2 = 83) compared to gold (Z = 79) and iodine (Z = 53), and a K-edge absorption that
surpasses other non-radioactive elements (Bi: 91 keV; Au: 81 keV; I: 33 keV). These
characteristics provide excellent X-ray attenuation, even at lower doses?®.
Additionally, bismuth is moderately abundant and cost-effective than gold or

platinum. These properties make bismuth the heaviest Z element suitable for use as



an CT contrast agent. Its potential biological compatibility further enhances its

suitability for this application.

In recent years, preclinical research has significantly advanced our understanding of
bismuth-based nanoparticles (Bi Nps) as next-generation agents for diagnostic
imaging and therapeutic interventions. A growing body of evidence supports the
multifunctionality of Bi Nps, showcasing their potential as biocompatible, targeted,
and theranostic platforms. Their unique physicochemical properties, high atomic
number, tunable surface chemistry, and low toxicity profile have made them the

subject of extensive in vitro and in vivo investigations.

In the following sections, we will present and critically analyze the major preclinical
studies that have investigated the biocompatibility, multimodal imaging capabilities,
theragnostic applications, and active targeting strategies of Bi Nps. Together, these
studies form the foundation for their potential clinical translation and integration into

advanced diagnostic and therapeutic regimes.

1.7 Preclinical Evaluation of Bismuth-based Nanoparticles

1.7.1 Biocompatibility and Cytotoxicity Profile

The biocompatibility of bismuth nanoparticles (Bi Nps), defined as their ability to
interact with biological systems without causing adverse effects, is closely related to
the nature of their surface coating, which regulates colloidal stability, systemic

circulation, biodistribution, and cytotoxicity.

1.7.1.1 In vitro toxicity:

In a reported study®, bismuth nanoparticles (Bi Nps), synthesized using

polyvinylpyrrolidone (PVP) as a colloidal stabilizer, were found to be quickly



recognized and taken up by the immune system, and showed a stronger cytotoxic
effect against Hela cells within 4 days. To reduce these effects, the particles were
functionalized with either a porous silica coating (Bi@SiO,) or PEG (Bi Nps@PEG),
resulting in a progressive reduction in cytotoxicity by 20% and 24%, respectively,
compared to uncoated Bi Nps. In the case of silica coating, the lower toxicity was
likely due to a reduced release of Bi** ions, which helped to lower the oxidative stress
on cells. For PEG-coated particles, the reduced surface charge decreased interactions
with the cell membrane, limiting the binding to cellular receptors and reducing
adhesion. Another strategy to improve colloidal stability and prevent aggregation
involves the use of sugar-based coatings. Sugars such as glucose, lactose, and sucrose
can act as capping agents, forming a protective layer on the nanoparticle surface that
maintains stability in aqueous environments. Among these, glucose showed the best
performance, offering moderate stability, reduced aggregation, and consistent
particle size even after irradiation?®. In this study, glucose-coated Bi Nps showed low
cytotoxicity on Hela cells after 24 hours of incubation at concentrations up to 0.5
mg/mL. Building upon this initial formulation, two independent studies explored
further surface modifications to enhance biocompatibility. In one case, glucose-
coated Bi Nps were functionalized with methoxy-PEG (mPEG-Bi Nps)*’, while in the
other with mesoporous silica combined with PEG (Bi@mSiO,-PEG)*8. The enhanced
biocompatibility brought by these surface modifications, improved cellular tolerance
as well, maintaining cell viability above 90% in both HelLa and HUVEC cells after 24—
48 hours of exposure, at concentrations up to 0.3 mg/mL and 0.2 mg/mL,

respectively, for both coatings.

1.7.1.2 In vivo toxicity:

Although it has been shown that elemental Bi Nps can undergo oxidation and gradual
degradation, releasing Bi3* ions that are later eliminated through the kidneys?®, these
transformation processes make it difficult to predict their behavior in vivo. Therefore,
specific safety studies have been conducted to evaluate their use in preclinical

applications.



1.7.2

Wei et al.*® synthesized Bi Nps coated with oligosaccharides and administered them
orally to Kunming mice to study their application in gastrointestinal tract imaging by
CT. At a dose of 280 mg/kg, the main liver and kidney function markers, such as ALT,
AST, BUN, creatinine and urea, did not show any significant changes compared to
control animals. This dose is comparable to 4.2 g of bismuth salicylate, which is
normally administered to treat stomach diseases, suggesting that Bi Nps are safe for
oral administration®. For what concerns intravenous injection (IV), Swy et al.>!
studied bismuth nanoparticles encapsulated in PLGA and administered them to
Sprague-Dawley (SD) rats. At a dose of 20 mg/kg, they observed a temporary increase
in ALT, AST liver enzymes after 24 hours, along with mild liver and kidney injuries,
such as periportal inflammation and damage to renal tubules. Chen et al.>?
synthesized and administered Bi,Ss nanoparticles coated with Pluronic F127, at very
high doses (600 mg Bi/kg) to Balb/C mouse models, showing only a temporary
increase in ALT and AST. In all these cases, the altered liver markers returned to
normal within a few days, indicating that the observed effects were transient and

reversible.

These in vivo and in vitro studies show that both the biocompatibility and colloidal
stability of Bi Nps can vary greatly depending on the type of surface coating used.
Therefore, choosing the right one'’ is a key factor to ensure the effectiveness and

safety of these nanoparticles in clinical applications.

Multimodal Imaging Capabilities

Bi Nps are not only excellent contrast agents for CT imaging due to their strong X-ray
attenuation and their biocompatibility especially when further coated, but they also
hold great promise for multimodal imaging. They can be engineered to exhibit
photothermal, photodynamic, photoacoustic and even radiotherapeutic properties.
By combining these capabilities with CT, it becomes possible to achieve more

accurate imaging, providing both anatomical and functional information.



1.7.3

In a study conducted by Bi et al.>® small Bi Nps with a diameter of approximately 4
nm were made water-soluble by PEG coating and subsequently injected
intravenously into mice. The nanoparticles showed prolonged circulation times,
attributed to the PEG layer, and a preferential accumulation in the liver and
intestines; due to their high atomic number, exhibited remarkable X-ray attenuation
efficiency. On the other hand, the same Bi Nps were also evaluated for fluorescence
imaging, a technique that relies on the light emission of fluorescent molecules or
materials to non-invasively visualize tissues or cells. In this case, an in vivo fluorescent
signal was detected after excitation at 600 nm, initially localized in the chest and
epigastric regions, and later in the hypogastric area. This distribution was consistent
with CT imaging results, confirming the potential of Bi Nps for dual-modality

applications.

Bi Nps have also been explored for photoacoustic imaging (PAI), which is based on
the photoacoustic effect, where light absorbed by tissues or nanoparticles generates
an acoustic wave that is then detected by an ultrasound transducer. In these studies
Bi Nps were coated with metoxy-PEG*’ or labeled with peptides®*, demonstrating
that Bi Nps can also generate a surface plasmon resonance (SPR) effect, in which free
electrons on the surface of the particles oscillate in response to an electromagnetic
field, resulting in strong optical absorption. Compared to conventional ultrasound,
which relies on the mechanical properties of tissues, PAIl provides contrast based on
optical absorbance, improving the ability to distinguish between different types of

tissues.

Theragnostic Applications

Additionally, Bi Nps have been extensively studied for theragnostic applications,
combining advanced imaging techniques with therapeutic interventions in a single
system. One of the most promising strategies is the integration of imaging with
photothermal therapy (PTT) based on near-infrared (NIR) irradiation. This technique

uses photothermal agents that, after absorbing NIR light, generate enough heat to



irreversibly damage tumor tissues. Therefore, its therapeutic efficacy strongly

depends on the ability of the photothermal agent to convert light energy into heat.

Bi Nps coated with polyvinylpyrrolidone (PVP) have shown excellent properties for
both computed tomography (CT) and photothermal imaging-guided PTT *°. The
combination of CT imaging, PTT, and radiotherapy (RT) has also been tested to
enhance treatment efficacy. These nanoparticles exhibited high photothermal
conversion efficiency and good photostability. In vivo, in a mouse model with UT4
tumors, intravenous injection of Bi@PVP NPs followed by irradiation with an 808 nm
laser (1.3 W/cm?) led to a significant temperature increase at the tumor site and

resulted in complete inhibition of tumor growth within 14 days.

Another example involves lipophilic Bi Nps coated with dodecanethiol and
encapsulated in PEGylated phospholipids (Bi@SR-PEG), which proved effective for
both CT imaging and combined PTT and radiotherapy (RT) treatment °®. These
nanoparticles showed a strong photothermal effect under NIR irradiation (808 nm, 1
W/cm?) and a strong radiosensitizing effect after exposure to X-ray irradiation,
significantly reducing the number of 4T1 tumor cells in vitro and inhibiting tumor
growth on in vivo mouse models. These results highlight their dual function as

radiosensitizers and photothermal agents.

In conclusion, the integration of multiple imaging and therapeutic modalities within
a single bismuth-based nanoparticle platform represents a powerful advancement in
the field of nanomedicine. Bi Nps have proven to be not only excellent contrast
agents for CT, but also effective in enhancing photoacoustic or infrared thermal
signals. At the same time, their strong photothermal properties, along with their
ability to serve as radiosensitizers, enable synergistic cancer therapies, such as PTT,
RT or chemodynamic treatments. This multifunctionality allows for precise diagnosis,
guided therapy, and real-time treatment monitoring, making Bi Nps promising

candidates for future theranostic application.



1.7.4 Strategies for Active Targeting

Bi Nps have shown great promise for targeted imaging, particularly when combined
with strategies that enhance their accumulation at specific tissues or sites. One of the
most effective strategies is active targeting based on ligand—receptor interactions,
where Bi Nps are functionalized with molecules (including peptides, antibodies, or

polymers that recognize and bind specific receptors on cells or tissues.

For example, Pan et al>” showed that bismuth nanoparticles coated with
phospholipids and anti-fibrin monoclonal antibodies were able to selectively bind to
unstable atherosclerotic plaques, which are rich in fibrin compared to normal arterial
walls. In addition, Li et al.*®, developed core-shell bismuth sulfide nanoparticles
encapsulated in mesoporous silica and conjugated with trastuzumab, an antibody
targeting the HER2 receptor. This system demonstrated strong targeting ability
toward HER2-positive human breast cancer cells, showing effective performance in
both image-guided diagnostics and therapy. In another study Bi,Ses nanoparticles
were modified with anti-CD47 antibodies. CD47 is a protein commonly overexpressed
on the surface of tumor cells, that binds to SIRPa receptors on macrophages and
inhibiting their phagocytic function against tumor cells. By blocking this CD47-SIRPa
interaction using anti-CD47 antibodies conjugated to the nanoparticles, Bi,Ses
enhanced the macrophages’ ability to recognize and engulf tumor cells. This not only
promoted a stronger immune response but also improved the effectiveness of
photothermal therapy, as the Bi,Ses were more efficiently retained and activated

within the tumor environment?!’.

These findings confirm that antibodies, due to their high affinity and specificity for
antigens selectively expressed in diseased tissues, can be effectively used to provide
Bi Nps with targeted recognition capabilities'’. The combination of the strong X-ray
attenuation of bismuth and the specificity of antibody-based targeting enables not
only precise localization of biological targets through CT or multimodal imaging, but

also the delivery of therapeutic effects directly to the site of interest.



1.8 Contactin-2 as a Potential Target for CCS Imaging

Despite the broad spectrum of studies demonstrating the potential of Bi Nps in
biomedical applications, including multimodal imaging, image-guided therapy, and
active targeting through antibody conjugation, there is still a significant gap in
literature. So far, no reported Bi Nps formulations have demonstrated the ability to
selectively visualize the cardiac conduction system (CCS) using CT. This represents a
significant unmet need in cardiovascular imaging and intervention, as high-resolution
and specific visualization of the CCS could provide substantial clinical benefits. Such
capabilities would enable non-invasive identification of CCS abnormalities and offer
critical guidance during CA procedures by facilitating real-time localization of

arrhythmogenic tissue for the treatment of cardiac arrhythmias.

An important advance in the molecular understanding of the CCS is represented by
the identification of Contactin-2 (Cntn2) as a novel specific marker. Cntn2 is a cell
adhesion molecule belonging to the immunoglobulin superfamily, previously known
for its role in the central nervous system, where it contributes to axonal guidance,
fasciculation, and ion channel clustering. In the heart, Cntn2 expression is significantly
enriched in Purkinje fibers compared to working myocardium, but it also involves the
sinoatrial node, atrioventricular node, and His bundle, indicating widespread
expression throughout the entire CCS, as demonstrated by comparative

transcriptomic analysis in CCS-lacZ transgenic mouse hearts>2.

This means that a specific antibody, can be used to target cells expressing Cntn2,
which is anchored to cell membranes by a GPI (glycosylphosphatidylinositol) linkage.
This topological arrangement makes its Cntn2 epitopes, that are the specific regions
recognizable by the antibody, readily accessible, thus promoting antibody—antigen

interaction and enabling effective identification of Cntn2-expressing cells.



1.9 Aim of the Work

The aim of this thesis is to synthesize Bi Nps with enhanced X-ray attenuation
properties compared to traditional ICAs, for potential applications in targeted CT
imaging of CCS. To achieve this, two bottom-upsynthesis methods will be explored
using the same chemical precursors. In both protocols, bismuth (lll) nitrate
pentahydrate is used as the bismuth-salt precursor, morpholine borane as the
reducing agent, and a-D(+)-glucose as a stabilizing and capping agent. The reaction
will be carried out in 1,2-propanediol (PPD) as common solvent yielding high-payload
glucose-coated Bi Nps. The glucose coating formed during synthesis is expected to
contribute to the colloidal stability of the Bi Nps in aqueous environments, further
improving their biocompatibility. The synthesized nanoparticles that demonstrate
the best performance in terms of stability, morphology, and chemical properties,
between the two methods, will be selected for further functionalization steps. The
functionalization process will be addressed through a layer-by-layer (LbL)
electrostatic coating approach, involving sequential deposition of poly(allylamine
hydrochloride) (PAH), a cationic polyelectrolyte rich in primary amines, and
poly(acrylic acid) (PAA), an anionic polyelectrolyte bearing carboxyl groups. A final
coating layer will be applied using a heterobifunctional polyethylene glycol (PEG)
molecule, specifically amino-PEG-acid (NH,-PEG-COOH). The amino terminus (-NH>)
was used to anchor the PEG to the nanoparticle surface by crosslinking the three
layers through EDC chemistry, while the terminal carboxyl group (-COOH) will provide

a reactive handle for subsequent conjugation.

Overall, this thesis provides an optimized and scalable protocol for the synthesis and
PEG-based functionalization of bismuth nanoparticles, vyielding stable and
biocompatible colloidal formulations suitable for further antibody conjugation with
(Cntn2) specific antibody. These functionalized nanoparticles are designed to be used
as targeted CT contrast agents for specific visualization of the CCS. The following
sections describe and discuss the synthesis strategies, optimization parameters,
surface functionalization steps, and the physicochemical and biological

characterization techniques employed, along with the corresponding results.



2 Chapter 2 - Materials & Methods

This section outlines the experimental procedures used to synthesize glucose-coated
bismuth nanoparticles (Bi Nps) and their surface functionalization with polyethylene
glycol (PEG) using a layer-by-layer (LbL) approach. It also describes the main
techniques used to characterize the nanoparticles, including analyses of their size,
surface charge, colloidal stability, chemical composition, and X-ray attenuation

properties.

Bi Nps were synthesized by dissolving bismuth (lll) nitrate pentahydrate (Mw =
485.07 g/mol, 98%,) in 1,2-propanediol (Mw = 76.10 g/mol, 99.5% min) using a-D(+)
glucose anhydrous (Mw = 180.16 g/mol, 99%+) as a surfactant and borane
morpholine complex (Mw = 100.96 g/mol, 97%, Alfa Aesar, Haverhill MA), as a
reducing agent. All these compounds have been purchased from Thermo Scientific
Chemicals. For the nanoparticle functionalization through a Layer-by-layer approach,
poly(allylamine hydrochloride) (PAH) (Mw = 17.500 g/mol) and poly(acrylic acid)
(PAA) (Mw = 2000 g/mol, 50 wt. % in H,0, electronic grade) were employed as
polyelectrolytes, ~Amino-PEG-Acid  (NH,-PEG-COOH) was used as the
heterobifunctional polyethylene glycol (PEG) (Mnx = 5000 g/mol). All these
compounds have been purchased from Sigma Aldrich. The coupling between layers
was facilitated using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) (Mw = 191.70, = 98%) as the crosslinking agent, that was purchased from
Thermo Scientific Chemicals. Milli-Q water has been obtained by a Millipore water

purification system (Millipore). All other reagents were of analytical grade.

2.1 Preparation of Bismuth Nanoparticles

In this thesis work, bismuth-based nanoparticles were synthesized by modifying an
already established protocol from Brown et al*®, which was then compared in terms

of resulting particles with a second method described by Li et a/*8. Both methods are



2.1.1

based on a bottom-up synthesis approach, that involves the reduction of Bismuth(lll)
Nitrate Pentahydrate salt which supplies electrons to produce bismuth (0)
nanoparticles and Borane morpholine used as reducing agent. a-D(+)-Glucose will act
as a biocompatible organic surfactant, serving as a capping agent to stabilize the
nanoparticles. 1,2-Propanediol will be used as the common solvent for all the

compounds throughout the reaction stages.

The differences and advantages of the methods are further discussed in Chapter 3

Synthesis of Bismuth Nanoparticles: Brown’s Protocol

According to the Brown’s method, bismuth nanoparticles were synthesized starting
from a 250 mM solution of Bismuth Nitrate Pentahydrate (Bi(NOs)s - 5H,0), dissolved
in a saturated 3.56 M solution of a-D(+)-Glucose anhydrous (CsH1206¢). The solution
was then heated to 80°C, the reaction temperature at which a 250 mM solution of
Morpholine Borane (C4H1;BNO) was added, initiating the reduction of bismuth (lll) to
bismuth (0). All the solutions were prepared by dissolving the reagents in the

common solvent 1,2-Propanediol (C3HsO,) (PPD).
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Figure 5: Picture of Bi Nps synthesis according to Brown’s protocol

Firstly, 54 g of a-D(+)-Glucose, 0.450 g of Bismuth(lll) Nitrate Pentahydrate and 0.308
g of Borane morpholine complex were accurately weighed using a digital precision

balance.

Bismuth (lll) Nitrate Pentahydrate was completely dissolved in 4 mL of PPD, with
stirring at 1,500 rpm for 45 minutes. Glucose powder was added to a 500 mL three-
neck round-bottom flask containing 84 mL of PPD and stirred at 1,200 rpm. The flask
was placed in a silicone oil bath (usable range from - 40 °C to + 200 °C, ThermoFisher
Scientific) for controlled heating, and a thermometer was inserted to monitor the
solution temperature in real time. Meanwhile, Morpholine Borane was dissolved in

12.2 mL of PPD and stirred at 1,500 rpm for 20 minutes.

To investigate the influence of glucose dissolution on nanoparticle synthesis, the
reduction step was carried out under two different conditions: in the first, glucose
was fully dissolved under vigorous stirring (1200 rpm), and once the solution turned
clear and reached 80 °C, the bismuth precursor solution was added, followed by the
reduction reaction. In the second condition, the bismuth precursor was added to the
glucose solution at room temperature, while the glucose was still partially dissolved
under the previous stirring conditions. In both cases, once the solutions reached
80 °C, the morpholine borane solution was rapidly added all at once to the reaction
mixture: the solution gradually changed color from white to black, indicating the
reduction of bismuth (Ill) ions to metallic bismuth (0), resulting in nanoparticles
formation. After 60s from the beginning of the reduction step, the solution was
guenched in a 200 mL ice-cold Milli-Q water bath (~ 4°C) and allowed to cool to room

temperature for 5-10 minutes.

Nanoparticles purification:



The colloidal solution is then purified to separate the obtained particles from the
supernatant, which contains excess reagents (e.g., PPD and glucose) and reaction

byproducts (e.g., borate).

More specifically, after quenching the reaction, the colloidal solution was split in
sixteen 50mL Centrifugal Tubes, by diluting 20 mL of Bi Nps suspension with 30 mL
of MilliQ water and then centrifuged at 3,000 rcf (~4,300 rpm) for 60 minutes. During
this time, the larger and denser nanoparticles tend to sediment at the bottom of the
tube, forming a pellet, while the smaller and less dense particles remain in suspension

in the supernatant.

The supernatant is carefully removed, ensuring the pellet remains intact at the
bottom. At this stage, the pellet in each tube is resuspended in 0.5 mL of MilliQ water,
combined all together and sonicated for 10 minutes to fully and homogeneously

disperse the Bi Nps in suspension.

To further purify the synthesized particles, two different dialysis setups were tested.
Initially, 10 mL dialysis membranes (MWCO 8-10 kDa, Spectrum™ Spectra/Por™
Float-A-Lyzer™ G2 Dialysis Devices), filled with Bi Nps suspension, were immersed in
a large dialysate bath containing 5 L of MilliQ water. To assess whether the dialysis
process influenced particle stability, a second setup was tested and compared to the
initial one: multiple 1 mL Float-a-Lyzer membranes were used instead, all immersed
together in a reduced volume of 1.5 L of MilliQ water. In both cases particles were
kept under gentle magnetic stirring (80 rpm) for 16 hours at room temperature. The
concentration difference between the dialysate and the membrane interior creates
a concentration gradient. Since the dialysis membrane is semipermeable, through a
diffusion process, it allows smaller molecules such as glucose residues or excess
chemicals to pass through the membrane and disperse into the dialysate, while larger

molecules like the nanoparticles remain inside the membrane.

Nanoparticles filtration:



The final step of this protocol involves filtering the purified aqueous Bi Nps through
a filter with specific pore sizes, separating the particles based on their size. The larger
particles are retained by the filter, while the smaller ones pass through. This ensures
that the particles subjected to filtration have very similar sizes or at least do not

exceed the pore size of the filter.

Therefore, after 16 hours of dialysis, the particles are collected and transferred to a
Centrifugal tube. There, they are resuspended and sonicated in a water bath for 15
minutes at room temperature. The particles are then filtered by passing the
suspension through a 0.45 um filter (Cytiva Whatman™ Puradisc 25mm Syringe

Filters: Sterile, Fisher Scientific).

First, each filter is initialized and hydrated by injecting pure MilliQ water through a 5
mL microsyringe. Then, the syringe is filled with 2 mL at a time of Bi Nps suspension
and passed through the filter into another tube. To avoid excessive loss of
nanoparticles due to repeated use of the same filter, where particles may become
trapped in its pores, the filter is replaced after filtering 4 mL of suspension. Finally,
the filtered aqueous BiNps are stored at 4°C for future characterizations.Two
modifications were then made to this protocol to evaluate their effect on the final
yield. These variants were directly compared to the original protocol (Original). The
first modification (Variant 1) involved doubling only the amount of reducing agent:
thus, the concentration of Morpholine Borane was increased from 250 mM to
500 mM by dissolving 0.616 g of the compound in 12.2 mL of PPD, while all other

reagents were kept at their original quantities.

In the second modification (Variant 2), instead of increasing just the borane
concentration, the amount of each reagent was doubled while maintaining the same
concentrations. Specifically, 0.970 g of Bismuth nitrate pentahydrate and 0.616 g of
Morpholine Borane were weighed and dissolved in 8 mL and 24.4 mL of PPD,
respectively, both corresponding to 250 mM solutions. The glucose amount,
however, was kept constant at 54 g, but dissolved in double amount of PDD, from

84mL to 168mlL, reducing its concentration from 3.57 M to 1.78 M.



2.1.2 Synthesis of Bismuth Nanoparticles: Li’s Protocol

As previously introduced, an alternative procedure of nanoparticles preparation was
also investigated to understand which one of the two protocol provides better
particles formulation and yield. The alternative protocol, carried out with some
modifications, uses the same precursors and chemistry, but it differs from the
guantity of glucose surfactant used while the relative concentrations of reducing

agent and salt precursor are the same.
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Figure 6: Picture of Bi Nps synthesis according to Li’s protocol

Firstly, 20 g of a-D(+)-glucose, 0.970 g of bismuth (lIl) nitrate pentahydrate and 0.616
g of borane morpholine complex were accurately weighed using a digital precision

balance.

Bismuth (ll1) nitrate pentahydrate was added to glucose powder and both completely
dissolved in 175 mL of PPD into a three-necked round flask. To completely dissolve

glucose and bismuth(lll) nitrate Pentahydrate in PPD, the plate temperature was set



to 200 °C and the solution was kept under stirring condition at 1000 rpm for 45
minutes. With the support of the reaction thermometer, it was ensured that the
temperature of the solution never exceeded 80°C. In the meantime, Morpholine
Borane was dissolved in 24.4 mL of PPD in a 25 mL beaker, stirring the solution at

1500 rpm and warming it up to 80°C as well for 20 minutes.

Once the solution of glucose and bismuth reached the reduction temperature at 80
°C and no crystals were still visible, the morpholine borane solution was added all at
once. The solution gradually changed color from clear to black, indicating the
reduction of bismuth (lll) ions to metallic bismuth (0), resulting in nanoparticles
formation. The reaction was quenched exactly after 1 minute, in a 200 mL ice-cold

Milli-Q water bath and allowed to cool to room temperature taking ~5-10 minutes.

Nanoparticles Purification:

After quenching the reaction, the particle suspension was further diluted with 200 mL
of MilliQ water at room temperature and transferred into 50 mL Centrifugal tubes for
centrifugation at 3,000 rcf for 1 hour to separate the pellet from the supernatant. The
collected pellets were then combined and subjected to a purification process
consisting of three consecutive centrifugation steps. After each centrifugation, the
pellet was resuspended in the same initial volume of MilliQ water to ensure
consistency. Three different centrifugation settings were tested for this purification
step: 12,000 rpm for 20 minutes®*8, 3,000 rcf for 30 minutes*® and 3,000 rcf for 1 hour.
The effectiveness of this approach was compared with dialysis-based purification,

applying the previously optimized parameters from the earlier synthesis protocol.

Finally, although the original protocol did not include a filtration step, it was carried
out in certain specific synthesis further discussed in the results to evaluate whether
the synthesized particles could pass through the filter and to assess the effectiveness
of the purification process. Finally, aqueous Bi Nps are stored at 4°C for future

characterizations.



2.1.3 Brown vs Li Experimental Steps Comparison

In summary, two synthesis methods for bismuth nanoparticles were optimized, both
using the same precursors. The main differences between the two approaches
concern the amount of glucose used as a surfactant and its degree of dissolution in
the common solvent. In Brown’s protocol, glucose is used at a saturated
concentration (3.57 M), resulting in only partial dissolution; therefore, Bismuth (ll1)
Nitrate Pentahydrate must be dissolved separately in PPD, to ensure a full
dissolution, before being added to the mixture. In contrast, Li’s protocol uses a lower
amount of glucose (0.66 M), which is mixed directly with bismuth precursor powder,

allowing both precursors to fully dissolve in the common solvent.

Nanoparticles Lyophilization:

After comparing the two synthesis methods through morphological characterization,
the particles deemed most suitable for the subsequent functionalization steps were
lyophilized. Lyophilization (or freeze-drying) is a low-temperature drying technique
used to remove water from nanoparticles while preserving their structure and long-
term stability. This process allows the nanoparticles to be stored for extended periods

and facilitates accurate weighing.

Figure 7: Picture of the used Freeze-dryer machine (FreeZone Triad Freeze Dryer, Labconco

Corporation, Kansas City, MO, USA)



Briefly, the nanoparticles in aqueous suspension are rapidly frozen by placing them
in a freezer at -80 °C for 24 hours, during which they become immobilized within the
frozen matrix. They are then transferred to a freeze-dryer (FreeZone Triad Freeze
Dryer, Labconco Corporation, Kansas City, MO, USA) (Figure 7), where the pressure is
reduced to 0.016 Torr (0.02 atm) and the collector is maintained at -83.5 °C for an
additional 24 hours. During this stage, the ice sublimates, leaving behind a dry and
stable nanoparticle powder. The lyophilized nanoparticles are first weighed and then

stored at 4 °C for future use.

2.2 Functionalization of Bismuth Nanoparticles

Synthetized Bi Nps were functionalized using a modified layer-by-layer (LbL) coating
approach, following a protocol as described by Li et al.*’. The LbL approach involved
the sequential deposition of alternating polyelectrolyte layers, poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA), and Amino-PEG-Acid (NH;-PEG-
COOH), onto particles surface. The addition of PEG provided colloidal stability and

exposed reactive carboxyl groups (-COOH) for further bioconjugation Figure 8.
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Figure 8: Schematic representation of Bi Nps functionalization process



Initially, lyophilized Bi Nps were resuspended in Milli-Q water at final concentrations
of 1 mg/mL and 0.5 mg/mL. Aqueous PAH solutions were prepared at concentrations
of 0.5 mg/mL, 1 mg/mL, and 1.5 mg/mL. The resuspend Bi Nps were added dropwise
into the PAH solution under ultrasonication (Q55 Sonicator, Qsonica, Newtown, CT,
USA) (Amplitude: 5-10, Mode: Continuous) and vigorous stirring for 30 minutes at
650-700 rpm. The coating process was performed at different ratios between the
nanoparticles and the PAH solution to evaluate which condition yielded the most

stable and efficient surface functionalization:

e [Bi Nps] =1 mg/mL, [PAH] = 0.5 mg/mL - ratio 2:1

e [Bi Nps] =1 mg/mL, [PAH] =1 mg/mL - ratio 1:1

e [BiNps] =0.5 mg/mL, [PAH] =1 mg/mL = ratio 1:2

e [BiNps]=0.5 mg/mL, [PAH] = 1.5 mg/mL - ratio 1:3

The suspension of PAH-coated Bi Nps (PAH@Bi Nps) was centrifuged at 3,000 rcf for
30 minutes to remove excess reagents, and the resulting pellet was resuspended in

Milli-Q water to a final concentration of 1 mg/mL.

To apply the second polyelectrolyte layer, PAA solutions were prepared at different
concentrations: 0.5 mg/mL, 0.8 mg/mL, and 1 mg/mL. The PAH@Bi NPs suspension
was then added dropwise into the PAA solution under continuous ultrasonication and
vigorous stirring using the same settings previously described. As with the first layer,
the coating was performed at different nanoparticle-to-polymer mass ratios to

identify the optimal conditions for stable and reproducible PAA deposition:

e [PAH@BIi Nps] =1 mg/mL, [PAA] = 0.5 mg/mL - ratio 2:1
e [PAH@BI Nps] =1 mg/mL, [PAA] = 0.8 mg/mL - ratio 1:0.8
e [PAH@BIi Nps] =1 mg/mL, [PAA] =1 mg/mL - ratio 1:1

The suspension of PAA-coated Bi Nps (PAA@Bi NPs) was centrifuged at 3,000 rcf for
30 minutes to remove excess reagents, and the resulting pellet was resuspended in

PBS (pH 7.4) to a final concentration of 1 mg/mL.



To induce covalent crosslinking between the PAH and PAA layers on the nanoparticle
surface, EDC powder was added to the suspension to a concentration of 1 mg/mL.
The mixture was ultrasonicated for 1 minute using the probe Sonicator (Amplitude:
5-10, Mode: Continuous) and then vigorously stirred for 1 hour (600 rpm) at room

temperature.

Finally, NH,-PEG-COOH (4 mg/mL) and EDC (2 mg/mL) powders were added into the
PAA@Bi Nps dispersion upon ultrasonication for 10 min, and the reaction was
allowed to stir overnight at room temperature. The final PEGylated Bi Nps (COOH-
PEG@BIiNps) were purified by centrifugation to remove excess reagents and

subsequently resuspended in PBS.

2.3 Characterization of Bismuth Nanoparticles

To achieve a comprehensive characterization of the synthesized nanoparticles,
several analytical techniques were employed, each targeting specific features of the
formulated Bi NPs. Many physicochemical characterization techniques were
performed using Dynamic Light Scattering (DLS) to determine the hydrodynamic
diameter and polydispersity index, Zeta Potential analysis to assess colloidal stability
by measuring surface charge, and Fourier Transform Infrared Spectroscopy (FT-IR) to
qualitatively identify functional groups on the nanoparticle surface. Structural
characterization was carried out via Transmission Electron Microscopy (TEM), which
provided detailed information on particle morphology, core size, and size
distribution. UV-Vis spectroscopy was used to evaluate optical absorption properties.
The Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) technique
enabled quantification of the elemental bismuth content. Finally, the effectiveness
of the nanoparticles as imaging contrast agents was evaluated through micro-
Computed Tomography (microCT), a functional characterization technique relevant

for diagnostic applications.



2.3.1

Below is a detailed description of the characterization techniques used and how they

were performed.

Size Distribution through Dynamic Light Scattering

Characterization using Dynamic Light Scattering (DLS) (ZETASIZER ADVANCE PRO,
software ZS Xplorer, Malvern Panalytical) is a technique primarily used to determine
the size distribution of particles in suspension, and when performed on the same

formulation over time, it can assess the stability of suspended particles>.

)i

Figure 9: Picture of the used Dynamic Light Scattering device (DLS) ZETASIZER ADVANCE PRO,

software ZS Xplorer, Malvern Panalytical)®

A highly collimated laser beam passes through the cuvette containing the
nanoparticle suspension, which, due to Brownian motion, scatters the incident laser
light in all directions, producing light scattering. A detector records this scattering.
The data collected by the detector is processed using a temporal correlation function,
which measures how quickly the intensity of the scattered light changes over time,
determining the diffusion coefficient. The fluctuations in the scattered light intensity
over time reflect the random movement of the particles: smaller particles move
faster and cause rapid variations in the scattered light, while larger particles move
more slowly and cause slower fluctuations. Using the diffusion coefficient obtained
from the correlation function, DLS applies the Stokes-Einstein equation to calculate

the hydrodynamic diameter.



2.3.2

_ kBT
~ 6mnR

where D is the diffusion coefficient, kg is the Boltzmann constant, T is the absolute

temperature, n is the solvent viscosity, and R is the hydrodynamic radius.

To determine the hydrodynamic diameter and the size distribution of the synthesized

nanoparticles,

1 mL of the sample was prepared into a cuvette (ZEN0O040, Malvern Panalytical) in a
1:50 dilution ratio. Each sample is run in triplicates, setting Absorption index 2.988

and Refractive index 2.145%1.

The outcome of a DLS measurement is typically presented as a graph displaying the
particle size distribution. Alongside the graph, the instrument provides key numerical
data, including the average hydrodynamic diameter, offering a first estimate of
particle size, and the Polydispersity Index (PDI), which reflects the degree of size
uniformity within the sample. A PDI value below 0.2 generally indicates a
monodisperse population, where the reported average size closely represents the
dominant particle fraction. In contrast, a PDI above 0.2 suggests a polydisperse

colloidal system, meaning a broader and more heterogeneous size distribution.

Surface Charge Evaluation through Zeta Potential

The Zeta Potential characterization measures the surface charge of particles in
suspension, providing important information about their colloidal stability>®. Charged
particles in a fluid attract oppositely charged ions, forming an electric double layer.
The zeta potential measures the electric potential at the interface between the Stern
layer (where ions are tightly bound to the particle surface) and the more diffuse layer.
It serves as an indicator of the electrostatic repulsion between particles, which

determines whether they remain dispersed or tend to aggregate.
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The measurement occurs by applying an electric field to the suspension
(electrophoresis), causing the charged particles to move. The results are displayed in
a graph showing the zeta potential distribution (x-axis in millivolts) compared to kcps
(kilo counts per second), a unit that measures the intensity of light scattered by the
particles during measurement, which reflects particle concentration and

dispersibility within the sample.

The dispersant used in the sample is essential for zeta potential measurement, as it
influences the system's electrical conductivity. Conductivity is related to the presence
of ions in the dispersant, which interact with the electric field and the double layer
around the particles. High conductivity can shield the electric field, reducing the
measured zeta potential . On the other hand, low conductivity may affect

measurement accuracy.

For this measurement, 1 mL of sample was prepared into a cuvette (DTS1070,
Malvern Panalytical) by diluting sample to a 1:50 ratio. To make the dispersant
electrically conductive enough so that a signal can be properly read, a 9% PBS
(Phosphate Buffered Saline) MilliQ water solution was prepared and used as

dispersant.

Based on the outcome of the characterization, the stability of the particles in
suspension will be assessed: specifically, particles tend to aggregate and settle, and
if this phenomenon occurs slowly, the suspension will be more stable. In such cases,
the surface charge will have values far from neutral (very high positive or negative
values). However, if this phenomenon occurs rapidly, the suspension will be less

stable, and the surface charge will have values closer to zero.

Nanoparticles Chemical Stability Assessment through

Ultraviolet/Visible Spectroscopy

Ultraviolet/Visible Spectroscopy (Cary 60 UV-Vis Spectrophotometer, Agilent

Technologies, software Cary WinUV) is used to measure the absorption of ultraviolet



and visible radiation by a sample®?. The absorption is associated with the excitation
of electrons from their ground state to an excited state. Since the energy levels of
matter are quantified, a specific wavelength is absorbed only if it has an associated

energy that can cause an electronic transition.

T
oy v

T
e —

Figure 10: Picture of the used UV-Vis Spectrophotometer (Cary 60 UV-Vis Spectrophotometer, Agilent

Technologies)®

The light source of a UV-Vis spectrophotometer consists of a combination of a
tungsten lamp, that emits in UV field (200-400nm) and deuterium ones that emits

Visible light (400-800nm), which provide a beam of visible and ultraviolet radiation.

The principle underlying UV-Vis spectroscopy involves a light beam passing through
a monochromator, which separates the light into its constituent wavelengths using a
diffraction prism. This allows the selection of a specific (monochromatic) wavelength
that will be directed through the sample, appropriately diluted in a dispersant. The
cuvette containing the sample is made of quartz or glass, ensuring transparency to

UV-Vis radiation.

When the light passes through the sample, depending on its chemical nature,
concentration, and the thickness of the cuvette (typically 10 mm), part of the light is
absorbed while the remainder is transmitted. The transmitted light reaches a
detector, which converts its intensity into an electrical signal, measuring two primary
intensities: lo, the intensity of the incident light, and |, the intensity of the transmitted
light after passing through the sample. The instrument calculates the absorbance (A)

using the Lambert-Beer law:

10
A=log107=e*c*l



Where A is sample absorbance, € is the molar extinction coefficient, c is sample’s

concentration and | is the light path.

Finally, the spectrophotometer software records the absorbance (A) values for each
wavelength. These are then plotted on a graph, where the X-axis represents the
wavelength range (typically between 200 and 800 nm), and the Y-axis represents the
calculated absorbance values that are also related to sample’s concentration. The
result is a curve or UV-Vis spectrum, which graphically represents the distribution of

radiation intensity as a function of wavelength.

To determine the absorption spectrum of the synthesized Bi Nps, inside an optically
transparent cuvette (10mm Light Path, HellmaAnalytics), 2 mL of the sample, were
prepared by diluting the sample in MilliQ water at a 1:20 ratio. This dilution was

performed to ensure an optimal concentration for spectroscopic analysis.

First, the dispersant in which the sample is diluted is analyzed, serving as the Baseline.
This step is essential because UV-Vis instruments can introduce unwanted signals,
such as background noise, and because the dispersant itself may absorb light within
the UV-Vis range, contributing to the overall signal. By measuring the dispersant
alone and subtracting its absorbance, the system is normalized, in a way that the
dispersant’s contribution is removed, leaving only the signal generated by the
sample. This process ensures that the data reflects only the absorption peak of the

sample, free from external interference.

The resulting spectrum allows for the quantitative and qualitative analysis of the
sample's chemical properties. More specifically, the analysis will focus on detecting
the characteristic peak of bismuth nanoparticles, which is expected to appear around
468 nm®L. This peak allows verification of the chemical integrity of the nanoparticles
over time, as long as the same characteristic peak remains well-defined around the

same wavelength value.



2.3.4 Elemental Analysis through Inductively Coupled Plasma Optical

Emission Spectroscopy

Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) (5800 ICP-OES,
software ICP-OES Expert Agilent Technologies) is an analytical technique used to

determine the concentration of both metallic and non-metallic elements in a sample.
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Figure 11: Picture of the used Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES)

device (5800 ICP-OES, software ICP-OES Expert Agilent Technologies) %

The core of the system is an inductively coupled plasma torch, powered by an
electromagnetic field generated by a coil. The torch is filled with an inert gas, typically
Argon. When this gas is excited by a high-frequency current, it forms plasma, a cloud
of ionized gas that can reach very high temperatures (up to 10,000 K). The sample,
usually in liquid form, is nebulized into tiny droplets and introduced into the plasma
through a nebulizer. Inside the plasma, the high temperature vaporizes, atomizes,
and ionizes the elements in the sample. The excited atoms and ions in the plasma
release the energy gained during ionization as they return to their fundamental
energy state. This energy is emitted as light, and the wavelength of the light is specific

to the material in the sample.

The optical system of the ICP-OES, which works between UV and IR spectra (170-
800nm), separates the emitted light into a spectrum using a diffraction grating. Then,

a detector, usually a photomultiplier or CCD, measures the intensity of the light at



each wavelength. This intensity is proportional to the concentration of the elements

according to Lambert-Beer's law

I=k«+C

Where | is the intensity of light emitted at a certain wavelength, Cis the concentration
of the element in the sample, and k is a proportionality constant that depends on
experimental conditions (such as nebulization efficiency, plasma power, and the

selected wavelength).

Creating a calibration curve is a crucial step in ICP-OES analysis, as it allows the signal
intensity emitted by an element to be associated with its corresponding
concentration. To construct a calibration curve, reference standards are used, which
are samples with known concentrations of the element of interest. Each reference
standard is analyzed using ICP-OES. During the analysis, the plasma excites the atoms
and ions in the sample, and the intensity of the emitted light is recorded for that
specific concentration. The result of characterizing all the reference standards is
called the "calibration curve," which relates the element concentration to the signal
intensity. This relationship is typically linear and follows the standard equation of a

line:

y=mx+gq

Where y is the intensity of the emitted signal, x is the concentration of the element,

m is the slope of the line, and q is the y-intercept.

Once the calibration curve is constructed, it is possible to characterize a sample of
unknown concentration. Just like with the calibration standards, the sample is
nebulized, introduced into the plasma, and the intensity of the emitted light is
measured. The intensity recorded by the instrument is then compared to the
previously obtained calibration curve using linear interpolation. Therefore, by
knowing the intensity of the light emitted by the sample, it is possible to determine
its unknown concentration. Using the equation derived from the calibration curve,
the unknown concentration of the element can be calculated by solving the equation

for x.



Preparation of Yttrium Internal Standard: During an ICP-OES analysis, fluctuations in
instrument conditions may occur, such as plasma power variations, gas flow changes,
or nebulizer instability. To correct for these fluctuations, an Yittrium internal standard
is run in parallel with the sample, and the relative concentration is verified to be
always the same at a specific wavelength, in a way that any variation in the yttrium

response can be employed to adjust the results of other monitored elements.

The yttrium standard consists of an aqueous solution of MilliQ water with 0.2% nitric
acid (Nitric Acid, TraceMetal™ Grade, Fisher Chemical™) and 1 ppm yttrium standard
for ICP (Yittrium Standard for ICP, 1000mg/L, Sigma-Aldrich).

Preparation of Standard Diluent: The Standard Diluent is a solution commonly used
as a diluent for the preparation of calibration standards and samples to be analyzed.
The Standard Diluent consists of an aqueous solution of MilliQ water with 10%
Hydrochloric Acid (Hydrochloric Acid, TraceMetal™ Grade, Fisher Chemical™) and 1%
Nitric Acid.

Preparation of Calibration Standards: Calibration Standards are used to build a
calibration curve, which correlates the element concentration (in ppm or ppb) with
the signal intensity measured by the instrument (in cps, counts per second). This
curve is used to convert signals from unknown samples into quantitative

concentrations.

Nine calibration standards are prepared, consisting of Standard Diluent solutions with
different concentrations of bismuth standard for ICP (Bismuth ICP Standard 1000ppm
Bi in 3% HNOs, Ricca Chemical). The stock bismuth standard for ICP has a
concentration of 1000 ppm, and the calibration standards are prepared by serial

dilutions according to the dilution formula:

Cl1xV1=C2%V2

Where V1 represents the concentration and volume of the initial stock, and C2 and
V2 represent the final concentration and volume of the individual calibration

standard.



Table 1 shows the relative calculations necessary to prepare 9 Bismuth Standards in
50 mL Centrifugal Tubes at 9 different concentrations in ppm ranging from 0.1 to 50
ppm. Specifically, standards 9 to 5 were prepared using the 1000 ppm bismuth ICP
standard solution as the starting stock, while standards 4 to 1 were prepared using

standard 7 as the starting stock solution (Table 1).

Standard C1(ppm) V1 (mL) C2(ppm) V2 (mL)
Standard 9 1000 2.5 50 50
Standard 8 1000 1.25 25 50
Standard 7 1000 0.5 10 50
Standard 6 1000 0.25 5 50
Standard 5 1000 0.125 2.5 50
Standard 4 10 5 1 50
Standard 3 10 2.5 0.5 50
Standard 2 10 1.25 0.25 50
Standard 1 10 0.5 0.1 50

Table 1: Bismuth Calibration Standards: Table showing the calculation made to prepare the Bismuth Calibration
Standards to build the Calibration Curve for ICP-OES.

Preparation of Aqua Regia: To analyze solid metal particles, such as bismuth
nanoparticles, it is necessary to dissolve them since the sample needs to be
nebulized. Aqua regia is a 1:3 mixture of nitric acid (HNOs) and hydrochloric acid (HCI)
used for the dissolutions of metals and digestion of tissues in the case of biological

samples, allowing for a homogeneous solution that can subsequently be analyzed.

Bismuth Nanoparticles Samples Preparation: To quantify the elemental Bi content
of Bi NPs formulation through ICP-OES, sample are prepared in triplicates into three

separate, pipetting respectively 25 ulL, 50 uL, and 100 pL from stored bismuth



nanoparticles. This approach helps prevent technical sampling errors that can occur
when handling such small quantities and confirms that the measured amount of
bismuth is independent of the volume sampled, further validating the

monodispersity of the colloidal nanoparticle solution.

Each sample is then digested by adding 1 mL of aqua regia and allowing it to sit for
30 minutes. Finally, 3 mL of Standard Diluent is added to each tube to attenuate Aqua

Regia corrosive strength and preserve machine’s running lanes.

ICP Protocol Setup: After preparing the samples, the next step is setting up the
machine. First, the elements to be quantified are selected: bismuth (Bi) is chosen as
the "Analyte," using the two wavelengths that ensure minimal interference with
other materials, which in this case are 222.821 nm and 223.061 nm?. Then, yttrium
(Y) is selected as the "Internal Standard" at a wavelength of 371.029 nm®. The
measurement conditions are set in "Axial" mode, as it is ideal for agueous solution

samples, such as a nanoparticle suspension.

During the construction of the calibration curve for ICP-OES analysis, two key control
parameters were set to ensure its reliability: the correlation coefficient limit and the
calibration error. Specifically, the minimum acceptable value for the correlation
coefficient was set at 0.995, while the maximum allowed calibration error was fixed
at 20%. The correlation coefficient measures the degree of linear relationship
between the known concentrations of the standards and the signal intensity detected
by the instrument; a high value indicates good linearity of the response. On the other
hand, the calibration error, expressed as a percentage, represents the deviation
between the theoretical concentration of each standard and the value calculated
from the calibration curve. Setting these parameters ensures that the selected curve
is both linear and accurate enough to provide a reliable basis for quantitative sample

analysis.

Once the setup phase is complete, the characterization begins. The machine will first

run the nine bismuth standards to construct the calibration curve and then proceed



with the samples. For each sample, the light intensity is detected, and this value is
interpolated on the calibration curve to determine the concentration (in ppm). In
parallel, the yttrium internal standard is also run for each standard and each sample,
and it should always show concentration values around 1 ppm to validate each

measure.

Data processing: All the raw data is exported as an excel file and further processed.
Since the detected concentration refers to a volume that includes the sample, the
addition of 1 mL of Aqua Regia and 3 mL of Standard Diluent, makes it necessary to

multiply by the dilution factor, through the formula
Cl*xV1=C2%V2

to calculate the actual concentration of the single replicate. In this formula, V1 is the
initial volume of the replicate, C1 is the concentration of interest, C2 is the
concentration measured by the instrument, and V2 is the final volume of the sample
analyzed. For each of the two wavelengths, the average V1 value will be calculated
from the three replicates. Once the two average values (one for each wavelength)
are obtained, an additional average will be calculated, resulting in a single
concentration value that represents both wavelengths. Since the instrument provides
results in ppm, a conversion to mg/mL is required, considering that 1 ppm = 0.001
mg/mL. Finally, by multiplying the concentration value (in mg/mL) by the stock
volume (in mL) of the nanoparticles stock, the mass of bismuth contained in the

formulation can be determined.

ICP-QES is then used to estimate the yield of the synthesis, the amount of bismuth
detected will be compared to the theoretical mass of elemental bismuth (Bi)
calculated from the initial amount of bismuth nitrate pentahydrate weighed, which,
according to the manufacturer’s datasheet, contains 43% of pure bismuth. This,

according to the formula:

Mass of elemental Bi detected by ICP — OES

100
0.43 * mass of Bismuth Nitrate(III)Pentahydrate used ’

%Yield =




2.3.5 Morphological Characterization through Transmission Electron

Microscopy

Among the imaging techniques used for the morphological characterization of
nanoparticles, Transmission Electron Microscopy (TEM) FEI Tecani G2 F20, Thermo
Fisher Scientific, Waltham, MA, USA with SerialEM software, Nexperion, Vienna,
Austria), thanks to its high resolution, reaching the sub-nanometer scale, allows for
the direct observation of particle size and shape, making it particularly suitable for

morphological characterization of nanostructured materials®?.

Figure 12: Picture of the used Transmission Electron Mycroscope (TEM) (FEI Tecani G2 F20, Thermo

Fisher Scientific, Waltham, MA, USA with SerialEM software, Nexperion, Vienna, Austria)®.

The working principle of TEM is based on the interaction between a beam of
accelerated electrons and a thin sample. The beam is generated by an electron
source, typically a tungsten filament, and is focused through a series of
electromagnetic lenses. The electrons pass through the sample placed in the central
chamber, which operates under high vacuum to prevent unwanted scattering. The
transmitted electrons are then collected by a detector, such as a CCD camera or a

fluorescent screen, producing a high-contrast two-dimensional image.



As the electron beam passes through the sample, part of the electrons is absorbed,
scattered, or transmitted, depending on the electron density and the atomic number
(2) of the material. Inorganic materials (such as metals, oxides, or semiconductors)
contain atoms with higher atomic numbers and greater electron density, which
scatter and absorb electrons more effectively, resulting in higher contrast in the TEM
image. In contrast, organic materials (such as polymer coatings, PEG, PAA, or
proteins) are composed of light elements (e.g., C, H, O, N), which interact weakly with

the electrons and appear almost transparent or barely visible in TEM analysis.

In the specific case of Bi Nps coated with glucose, the inorganic bismuth core,
characterized by a very high atomic number (Z = 83), interacts strongly with the
electron beam and is expected to appear as a dark and well-defined structure in the
TEM image. In contrast, the glucose coating, composed of light elements, is difficult

to detect and appears transparent or poorly contrasted.

The sample preparation was carried out by pipetting 5 uL of the nanoparticle
suspension onto a copper grid (Support Films, Carbon 400 mesh, Cu, 01844-F, TED
PELLA, INC.), which was then left to dry at room temperature over night. Once fully
dried, the grid was carefully inserted into the microscope holder and placed inside
the TEM instrument. Operating under high vacuum, the instrument allows the
electron beam (Power: 200 kV and Magnification: x 11.5k) to interact directly with
the dry nanoparticle sample, providing high-resolution images of the inorganic core

structure.

The size of the bismuth core of the nanoparticles was measured using Imagel. The
“Polygon” selection tool was used to manually define the regions of interest (ROls)
to better follow the actual contours of the nanoparticles, which often exhibited
irregular shape. The Feret diameter was selected as the reference metric to measure
the core size of the nanoparticles. This choice was made because the particles exhibit
irregular and anisotropic shapes, and the Feret diameter, defined as the longest
distance between any two points along the particle boundary, provides a more
consistent and representative estimate of their true maximum dimension compared

to circular-equivalent diameters.



2.3.6 Surface Functional Group ldentification through Fourier Transform

Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FT-IR) (Nicolet 6700, Thermo Fisher
Scientific, Waltham, Massachusetts, USA) is an analytical technique used to study the
chemical composition and molecular structure of materials by exploiting the
interactions between infrared radiation and the chemical bonds present in the

sample®?,

Figure 13:Picture of the used Fourier Transform Infrared Spectrometer (FT-IR) (Nicolet 6700, Thermo

Fisher Scientific, Waltham, Massachusetts, USA)®’.

The fundamental principle is that molecules, when irradiated with infrared light,
selectively absorb specific wavelengths that correspond to the vibrational
frequencies of their chemical bonds. Each type of bond vibrates in characteristic
ways, typically stretching or bending, at well-defined frequencies. In the case of FT-
IR, the spectral range typically spans from 4000 to 700 cm™, corresponding to the

mid-infrared region.

The FT-IR instrument uses an interferometer, usually of the Michelson type, which
modulates the IR radiation to produce a complex signal known as an interferogram.
This signal is then mathematically converted into an interpretable spectrum via the
Fourier Transform, from which the technique takes its name. When the IR beam
interacts with the sample, specific frequencies are selectively absorbed by the

functional groups present. These absorptions appear as characteristic peaks in a



2.3.7

spectrum, where the x-axis represents the wavenumber (in cm™) and the y-axis can

represent either Absorbance or %Transmittance.

More specifically, % Transmittance refers to the percentage of IR radiation that passes

through the sample without being absorbed and is defined as:

I
%Transmittance = (m) x 100

where | is the intensity of the transmitted radiation and lg is the intensity of the
incident radiation (with no sample). In this format, the peaks are oriented downward,
and the deeper the peak, the greater the absorption. The %Transmittance scale is
generally used for qualitative analysis, as is typically employed to identify the

presence of functional groups and qualitatively compare different spectra.

Solid samples were prepared by mixing a small quantity of lyophilized bismuth
nanoparticles with potassium bromide (KBr) powder, an IR-transparent substrate.
The mixture was then pressed to form a compact pellet, which was subsequently
placed in the machine, analyzed in the FT-IR instrument, previous Background

subtraction.

Radiopacity Assessment through MicroCT Imaging

X-ray attenuation properties of the synthesized BiNPs were assessed using microCT
(SKYSCAN 1276, Bruker, Mannheim, Germany) to confirm their radiographic visibility
and to compare their attenuation values, expressed in Hounsfield Units (HU), with

those of commercially available ICAs.




Figure 14: Picture of the used microCT scanner (Bruker SKYSCAN 1276 CMOS Edition micro-CT (Bruker,

Mannheim, Germany)®.

Specifically, after quantifying the elemental bismuth (Bi) content in the Bi Nps
formulation via ICP-OES, the nanoparticles were resuspended and serially diluted in
MilliQ water to prepare a concentration range between 1 and 5 mg [Bi]/mL (1, 2, 3,
4, and 5 mg [Bi]/mL), in 0.5 mL centrifugal tubes. Solutions of ICAs were also prepared
at the same concentrations in terms of iodine (1, 2, 3, 4, and 5 mg [I]/mL) by serial
diluting a commercially available ICA solution Omnipaque 350 mg [I]/mL
(Omnipaque™ (iohexol), GE HeathCare, Marlborough, MA, USA). Each sample was
scanned using different tube voltages, 55 kV, 70 kV, 80 kV, and 100 kV respectively,
to investigate how X-ray energy influences attenuation performance. The machine
settings used for microCT scans are listed in Table 2: Protocols setup of microCT scan.
Table showing the four different Protocols used to quantify the X-ray attenuation at

different tube voltages of Bi Nps and traditional ICAs solutions.Table 2.

Protocol 1 Protocol 2 Protocol 3 Protocol 4
Resolution (um) 60 40 60 60
Matrix 504 x 336 1008 x672 504 x 336 504 x 336
Exposure Time (ms) 60 135 60 60
Source Current (pA) 200 200 200 200
Tube Voltage (kV) 55 70 80 100

Table 2: Protocols setup of microCT scan. Table showing the four different Protocols used to quantify the X-ray
attenuation at different tube voltages of Bi Nps and traditional ICAs solutions.

To determine whether Bi Nps offer superior radiopacity compared to ICAs, the
attenuation values recorded at each concentration for the different imaging
protocols were analyzed. After acquiring the microCT images, the first step involves

importing the dataset in .dcm format into the software 3D Slicer (version). Once



uploaded, the three-dimensional volume is displayed in the orthogonal views: axial,
coronal, and sagittal. The next step is segmentation, which allows the creation of a
mask to isolate the region or material of interest from the background; this operation
is performed on each of the three views of the sample. An intensity threshold is then
applied to highlight only the portion of the sample located inside the centrifuge tube.
The resulting 3D profile is then used to calculate the average attenuation (expressed

in Hounsfield Units, HU) across the entire profile of each sample.

Subsequently, the tube voltage that resulted in the highest attenuation for ICAs was
identified. Based on this setting, two curves were generated to compare the
radiopacity of BiNPs and ICAs across the established concentration range, using the
selected tube voltage. The obtained curves were compared to the baseline
attenuation of cardiac tissue, at the same tube voltage. For this purpose, an ex vivo
fragment of porcine heart tissue (Animal Technologies, Tyler, TX, USA) was freshly
isolated and then stored in MilliQ water to ensure consistency with the dispersant

used for both ICAs and BiNPs solutions.
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Chapter 3 - Results & Discussion

3.1  Synthesis of high-payload bismuth-based nanoparticles

3.11

In this work, bismuth-based nanoparticles (Bi Nps) were synthesized by following and
optimizing two already established protocols previously reported in the
literature*®“8, In both methods, Bi Nps were synthesized by dissolving bismuth (Il1)
nitrate pentahydrate in 1,2-propanediol using a-D(+) glucose as a surfactant and
borane morpholine as a reducing agent. After characterization, the two methods
were compared to each other to determine the most suitable for the surface

functionalization with PEG.

Brown’s Protocol

3.1.1.1 Effect of Glucose degree of dissolution

The first aspect investigated was the degree of glucose dissolution in the Brown’s
protocol. Specifically, an attempt was made to completely dissolve the total amount
of glucose in solution (specify amount), which required heating the mixture above
the typical reduction temperature of 80 °C (Figure 15A). It was observed that
dissolving this quantity of glucose required heating the solution to over 100 °C and
stirring for approximately 4 hours (Figure 15B). Although the characteristic color
changes from clear to black, associated with the reduction of bismuth(lll) to
bismuth(0), was observed during the reduction step, centrifugation resulted in an
uneven precipitation of the pellet and complete separation from the surfactant phase
(Figure 15C and Figure 15D). Furthermore, after purification by dialysis, the solid
phase of the nanoparticles was found to be completely separated from the
dispersant, leading to the formation of aggregates that subsequently precipitated

(Figure 15E).



The outcome of this phenomenon is shown in Figure 15F, where DLS analysis
indicates a hydrodynamic diameter of 991.2 £ 152.3 nm and a PDI of 0.70 £ 0.04. This
behavior, known as “flocculation", is caused by poor interaction between the bismuth
nanoparticles and glucose. It is likely that this instability was caused by the state of
the glucose, because when mixed for too long and heated above 100 °C, it gets closer
to its decomposition temperature of 142 °C, reducing its stabilizing ability as a

capping agent.
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Figure 15: Evaluation of Glucose Solubilization and BiNps morphology after purification. (A) Image
showing the degree of glucose dissolution at 80°C, (B) Image of glucose completely dissolved at 100°C,
(C) and (D) appearance of the Bi Nps pellet after centrifugation, (E) Contents of the dialysis membrane

at the end of the purification process and (F) DLS spectrum of the flocculated particle samples run in

triplicates.

Thus, it was decided to dissolve the glucose only partially before initiating the
reaction. Reaction was then initiated when the solution reached 80 °C following, as
before, the steps described in the 2.1.1. Figure 16A shows the state of the
nanoparticles in aqueous suspension at the end of dialysis: as illustrated, the particles

remain homogeneously suspended. In contrast, Figure 16B displays the DLS spectrum



of the intact, non-flocculated particles, revealing a hydrodynamic diameter of 157.50

+5.02 nm and a PDI of 0.22 + 0.01 for purified particles.
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Figure 16: Evaluation of Bi Nps appearance and morphology after purification. (A) Contents of the
membranes at the end of the dialysis process. (B) DLS spectrum of purified Bi Nps homogeneously

suspended, run in triplicates.

3.1.1.2 Effect of pH

The effect of pH on the synthesis process was also investigated. Specifically, the
standard MilliQ water, used for both quenching the reaction and dialysis, which had
a pH of 4.5 (Figure 17A), was replaced with neutralized water where the pH was
adjusted to 7-7.5 (Figure 17B), while all other protocol parameters were kept
unchanged. The outcome of using neutralized water led to the formation of

flocculated particles (Figure 17C).

Figure 17: pH measurement of MilliQ water (A) and (B) neutralized MilliQ water. (C) Flocculated

particles at the end of the dialysis process.



The flocculation observed when using neutralized water (pH 7—7.5) may be attributed
to a reduced affinity of glucose for the particle surface during dialysis, which was also
carried out using neutralized water as the dialysate. These conditions led to
insufficient stabilization of the particles, resulting in flocculation. Therefore, standard
acidic MilliQ water (pH 4.5) was reinstated in subsequent experiments, as it is stable

particles in colloidal suspension.

3.1.1.3 Optimization of dialysis setup

The next step requiring optimization was the dialysis setup, as it was not described in
details in the original protocol*. The initial configuration involved purifying the
nanoparticles using 10 mL Float-a-Lyzer dialysis membranes, soaked in 5 L of MilliQ
water (Figure 18A and Figure 18B). Although the nanoparticles appeared to remain
homogeneously suspended at the end of the dialysis process, it was not possible to
recover any after filtration. Figure 18C shows a comparison between a batch of
unfiltered nanoparticles (left) and the corresponding filtered sample (right). As
illustrated, the unfiltered suspension appears dark and concentrated, whereas the
filtered suspension is almost clear, indicating a very low filtration yield. This suggests
that a significant portion of the nanoparticles were retained by filter pores. An
additional assessment of particle size was performed using Dynamic Light Scattering
(DLS): Figure 18D shows a comparison between the DLS spectra of the unfiltered
(S_NF) and filtered (S_F) samples. The analysis revealed a hydrodynamic diameter of
134.70 = 1.93 nm for the unfiltered particles and 130.7 + 2.82 nm for the filtered

ones.
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Figure 18: First Dialysis setup. (A) and (B) Dialysis setup consisting of two 10 mL membranes filled and
immersed in a 5 L MilliQ water-based dialysate. (C) Visual comparison between a batch of unfiltered
particles (on the left) and filtered particles (on the right). (D) DLS spectrum of unfiltered nanoparticles

(blue) and filtered nanoparticles (red).

However, these results appear inconsistent with the visual observations. If the
measured diameter of the unfiltered particles truly reflected their actual size, a
higher filtration yield would have been expected. In that case, the filtered suspension
should have resulted a darker appearance, as the particles would have been smaller
than the nominal pore size of the filter (450 nm), and thus able to pass through
without being retained. A possible explanation for this inconsistency is that the actual
size of the unfiltered nanoparticles exceeded the upper detection limit of the DLS
instrument. As a result, only a small fraction of the particles, those falling within the
measurable range, may have been detected by DLS, leading to an underestimation of

the true particle size distribution.

Thus, it was hypothesized that the possible explanation for the low filtration yield is
linked to the dialysis setup. When using a large dialysate volume (5L), the
concentration gradient between the inside and outside of the membrane remains

high, preventing equilibrium from being reached. As a result, diffusion continues



beyond the removal of excess reagents, gradually depleting even the glucose
adsorbed on the nanoparticle surface. Since glucose acts as a stabilizer, its loss leads
to particle destabilization and aggregation into larger structures, likely dimers or
coalesce particles. Although the final suspension appears stable and dark by eye, the
resulting aggregates likely exceed the filter pore size, preventing their recovery and

explaining the clarity of the filtered solution.

Therefore, an alternative dialysis setup was tested, reducing the dialysate volume
from 5L to 1.5 L and using 1 mL Float-a-Lyzer membranes (Figure 19A) instead of
10 mL ones, while keeping the dialysis time unchanged. Figure 14B illustrates the
visual comparison between the unfiltered (left) and filtered (right) nanoparticle
suspensions, with the filtered sample further diluted to facilitate proper collection.
Under these modified conditions, the filtration process yielded positive results, with
nanoparticles successfully passing through the filter without being retained. Finally,
Figure 19C shows the DLS spectra of unfiltered (S_NF) and filtered (S_F) particles. The
analysis revealed a hydrodynamic diameter of 138.00+0.89 nm and a PDI of
0.19 £ 0.01 for the unfiltered sample, while the filtered sample exhibited a diameter
125.60 £ 0.74 nm and a PDI of 0.19 + 0.01. The filtration process allowed for better
dispersion and separation of the particles, without significantly affecting the
polydispersity. To further evaluate the colloidal stability of the synthesized
nanoparticles, zeta potential analysis was performed on the filtered sample (S_F) to
characterize their surface charge. As shown in Figure 19D, the zeta potential

distribution indicates that the particles exhibit a surface charge of —25.26 £ 1.94 mV.
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Figure 19: Improved Dialysis setup. (A) Enhanced dialysis setup consisting of 1 mL membranes filled
and immersed in a 1.5 L MilliQ water-based dialysate. (C) Visual comparison between a batch of
unfiltered particles (on the left) and filtered particles (on the right). (D) DLS spectrum of unfiltered

nanoparticles (blue) and filtered nanoparticles (red). (E) Zeta potential distribution spectrum of filtered

BiNP samples run in triplicate.

After optimizing the necessary steps to obtain a protocol capable of producing
nanoparticles with stable colloidal suspension, the formulation was analyzed by TEM
and then monitored over time to assess its long-term stability, using DLS, zeta
potential, and UV-Vis spectroscopy. TEM images (Error! Reference source not
found.A) showed that the resulting particles, composed of elemental bismuth,
appeared faceted with variable shapes and diameters, with a bismuth core-size of
47.3 + 14.26 nm. DLS analysis revealed a stable hydrodynamic diameter of
140.70 £ 14.77 nm and a PDI of 0.15+0.04 (Figure 20B). UV-Vis spectroscopy
exhibited a broad absorption peak between 380 and 400 nm, which remained stable
over time with no significant wavelength shift (Figure 20Error! Reference source not
found.C). Zeta potential measurements confirmed a consistent negative surface
charge of —24.89 + 0.94 mV for over 20 weeks (Figure 20D), indicating excellent long-

term colloidal stability.
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Figure 20: Caracterizations of synthesized BiNPs following Brown’s protocol: (A) TEM analysis
showing the inorganic bismuth core (n=19). (B) Evaluation of hydrodynamic diameter (blue) and
polydispersity index (red) over 20 weeks. (C) UV-Vis spectrum of synthesized BiNPs showing a broad
absorption peak around 380 nm. (D) Evaluation of surface charge through zeta potential analysis over
20 weeks.

In conclusion, this synthesis protocol was carefully optimized through a series of
iterative modifications involving reaction conditions, dialysis setup, filtration, and pH
adjustment. This systematic approach enabled the successful formulation of bismuth
nanoparticles with excellent colloidal stability in aqueous suspension. Notably, the
final formulation remained stable for over 20 weeks, as confirmed by consistent
hydrodynamic diameter, surface charge, and UV-Vis absorption profiles. These
findings highlight the effectiveness of glucose as a stabilizing agent, capable of

maintaining nanoparticle dispersion in water over extended periods.
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3.1.1.4 Synthesis yield & optimization trials

Subsequently, the reaction yield was assessed by quantifying the amount of
elemental bismuth (Bi) though ICP-OES. The results are expressed as the percentage
of Bi recovered from the nanoparticle suspension at different stages of the synthesis,
relative to the initial amount of bismuth precursor used. Figure 21A, B and C
compares the Bi content in three steps of the synthesis: the Bi Nps suspension
collected immediately after the quenching step (blue), the resuspended pellet
obtained after centrifugation to separate it from the supernatant (green), and the Bi

Nps suspension purified by dialysis (red).

To improve overall Bi yield, two variations of the original protocol were tested. In
Variant 1 (Figure 21B), only the concentration of the reducing agent (Morpholine
Borane) was doubled, resulting in a significantly higher final yield of ~44.08%,
compared to ~2.97% for the original protocol (Figure 21A). In Variant 2 (Figure 21C),
all reagents were doubled except for glucose, yet the final yield remained low
(~3.05%). Importantly, the most significant bismuth loss consistently occurred during
the centrifugation step, where the Bi content sharply decreased, for instance, from
76.84% to 2.97% in the original synthesis (Figure 21A) and from 92.58% to 3.05% in
Variant 2 (Figure 21C), indicating that a substantial fraction of bismuth remains in the

supernatant rather than forming recoverable nanoparticles.

Despite this improvement in material recovery for Variation 1, TEM analyses revealed
significant differences in particle morphology. Nanoparticles obtained from the
original protocol (Figure 21D) were more uniform in size and displayed well-defined,
faceted shapes, consistent with controlled nucleation and growth. In contrast,
particles synthesized via Variant 1 (Figure 21E) and Variant 2 (Figure 21F) appeared

irregular in shape.
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Figure 21: Evaluation of the yield percentage of synthesized BiNPs according to the Brown protocol
(A), doubling the concentration of the borane reducing agent (B) and doubling the amount of all
reagents except glucose (C). TEM images of the particles from the corresponding syntheses are shown

in (D) for the protocol in (A), in (E) for the protocol in (B), and in (F) for the protocol in (C).

These results suggest that increasing reagent relative quantities may improve vyield
but compromise particle uniformity. Although Variant 1 led to a notable increase in
the amount of elemental bismuth incorporated into the formulation, the original
synthesis protocol was ultimately preferred, as it consistently produced
nanoparticles with more uniform morphology. Moreover, a closer examination of the
materials obtained from Variant 1 and Variant 2 (Figure 21E, Figure 21F) reveals that
they do not contain well-defined nanoparticles, but rather irregular debris. This is
likely attributable to the more aggressive reduction and rapid nucleation processes

induced by the higher concentration of the reducing agent.

3.1.2 Li’s Protocol



Briefly, the second method involves the use of the same reagents specifically, borane
morpholine and bismuth nitrate pentahydrate, both maintained at a concentration
of 250 mM. However, the glucose solution is less concentrated, at 0.66 M instead of
3.57 M as used in the first method. In this case, the bismuth and glucose solutions

are dissolved simultaneously and completely®.

3.1.2.1 Optimization of particles purification — Centrifugation vs dialysis

As previously described in the section 2.1.2, the purification protocol of the
synthesized nanoparticles was optimized comparing three different centrifugation
settings and dialysis. Figure 22A B, and C show the variation in hydrodynamic
diameter and polydispersity index (PDI) of the nanoparticles, measured by dynamic

light scattering (DLS), over the course of three successive centrifugation washes.

In the first condition tested (three times at 12,000 rpm for 20 minutes), the
hydrodynamic diameter increased from 111.8 £ 1.01 nm and PDI 0.19 + 0.06 after the
first rinse to 178.50 + 6.65 nm and PDI 0.41 after the third rinse (Figure 22A),
indicating particles aggregation. Using a milder setting (3,000 rcf for 1 hour), the
particles showed a diameter increase from 111.8 + 1.01 nm and PDI 0.19 + 0.01 after
the first rinse to 206.8 + 2.69 nm and PDI 0.17 + 0.02 by the third rinse (Figure 22B).
Finally, in the third condition (3,000 rcf for 30 minutes per rinse), the size increased
from 108.5 £ 0.9 nm and PDI 0.20 £ 0.01 after the first rinse to 209.2 + 9.25 nm and
PDI 0.29 * 0.16 after the third (Figure 22C).

Three different centrifugation protocols were initially tested to purify the
nanoparticles by removing organic solvent residues and unreacted glucose through
sequential washes. The first protocol (Figure 17A), adapted from a literature source?,
involved centrifugation at 12,000 rpm for 30 minutes but resulted in nanoparticle
aggregation. To mitigate this, two additional conditions with reduced speed were
evaluated. The second protocol (Figure 17B) lowered the speed to 3,000 rcf while
increasing the duration to 60 minutes, and the third (Figure 17C) maintained the

same reduced speed but halved the centrifugation time to 30 minutes. However, in



all cases, aggregation occurred, indicating that none of the centrifugation-based

methods effectively preserved nanoparticle colloidal stability.

Given these results, purification was performed using the previously optimized
dialysis protocol, which proved effective in maintaining nanoparticle stability. As
shown in Figure 22D, the hydrodynamic diameter of Bi NPs remained consistent, with
only a slight increase from 112.1 + 0.50 nm and a PDI of 0.18 + 0.01 before dialysis
(S_Pre Dialysis) to 116.8 £ 2.55 nm and a PDI of 0.15 £ 0.01 after dialysis (S_NF),

confirming minimal impact on particle size and distribution.

To further assess the effect of filtration on the dialyzed nanoparticles, a portion of
the suspension was filtered. The filtration step did not alter the hydrodynamic
diameter or PDI (S_F), confirming that the nanoparticles passed through the filter
without aggregation. Based on these observations, filtration was excluded from the
final protocol to prevent unnecessary nanoparticle loss due to inevitable small
entrapment within filter pores of the particles, thereby maximizing material recovery

for downstream applications.
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Figure 22: Variation of the hydrodynamic diameter (blue) and PDI (red) determined by DLS: (A)
Variation after each wash at 12,000 rom for 30 minutes, (B) at 3,000 rcf for 1 hour, and (C) at 3,000 rcf

for 30 minutes. (D) Variation before and after dialysis and after filtration of the Bi Nps.

Following reaction yield assessment, Bi Nps were analyzed by TEM and characterized
via DLS, zeta potential, and UV-Vis to verify long-term colloidal stability. Figure 23A
shows a yield of 1.52%, with significant Bi loss during centrifugation, from 76.84%
post-quenching to 2.97% post-centrifugation, due to unrecovered or unreacted
bismuth in the supernatant. TEM (Figure 23B) images revealed uniform particles with
a core size of 65.63 + 9.64 nm. DLS and zeta potential analyses confirmed a
hydrodynamic diameter of 107.8 + 1.9 nm (Figure 23C) and a surface charge of -
26.6 £ 1.7 mV (Figure 23D), respectively, indicating good colloidal stability over 20

weeks. UV-Vis spectra (Figure 23E) showed consistent absorption between 350—

400 nm.
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Figure 23:0utcome of Bi Nps synthesized according to Li’s protocol: (A) Evaluation of the yield
percentage of synthesized Bi Nps according to Li's protocol. (B) TEM of synthesized Bi Nps (C) Evaluation
of (C) hydrodynamic diameter (blue) and PDI (red) through DLS, (D) surface charge through zeta

potential, and (E) UV-Vis spectrum over 20 weeks.



3.1.2.2 X-ray attenuation

To evaluate the X-ray attenuation performance of the chosen Bi Nps, microCT scans
were conducted and compared against commercial ICAs across a concentration range
from 1 to 5 mg/mL. As shown in Figure 24A and Figure 24B, Bi Nps consistently
exhibited higher attenuation values (HU) than ICAs at all tube voltages tested (55 kV,
70 kV, 80 kV, and 100 kV), according to the machine settings showed in Table 2.
Results confirm superior radiopacity of bismuth-based materials due to their higher

atomic number (Z = 83) compared to iodine (Z = 53).

After identifying 55 kV as the tube voltage that provides the highest attenuation in
terms of HU for both samples set, this setting was selected for direct comparison
between Bi Nps and ICAs attenuations using linear fitting. As shown in Figure 24C, the
attenuation of both contrast agents increased linearly with concentration, indicating
a proportional relationship between concentration and radiopacity. This resulted in

two linear equations, for Bi and ICA, respectively:

Bi Nps:y = 163.0 x x + 585.5 and ICA:y = 64.17 * x + 554.5

However, the slope of the linear fit for Bi Nps was markedly steeper than that of ICAs,
reinforcing the greater X-ray attenuation capacity of bismuth under identical

concentration ranges.
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ray attenuation between ICAs and Bi NPs at 55kV tube voltage.



3.1.3 Optimization of Bi Nps Synthesis: Comparison of Brown and Li Protocols

| summary, were optimized two different synthesis protocols, from Brown et al.
and Li et al.*8, which employs the same reactants but with a reduced concentration
of D-(+)-glucose, from 3.57 M to 0.66 M. Moreover, while Brown’s method involves
partial dissolution of glucose prior to the addition of the bismuth solution, Li’s
protocol include the bismuth directly to the glucose solution, allowing both

components to dissolve completely together.

DLS and TEM analyses were employed to check differences: nanoparticles
synthesized using Brown’s method showed a hydrodynamic diameter of
140.70 = 14.77 nm and a polydispersity index (PDI) of 0.15 + 0.037 (Figure 20Error!
Reference source not found.B), whereas those obtained using Li’'s method exhibited
a smaller diameter of 106.35 + 2.75 nm and a slightly higher PDI of 0.19 + 0.01 (Figure
23). Despite this, nanoparticles produced by both methods remained stable in
aqueous suspension for over 20 weeks, as confirmed by DLS, zeta potential, and UV-
Vis analyses (Figure 20 and Figure 23), further validating the improved colloidal
stability due to the glucose coating. Based on TEM images, the nanoparticles
synthesized using Brown’s protocol exhibited a smaller bismuth core size
(47.3 £ 14.26 nm) compared to those obtained with Li’s method (65.63 + 9.64 nm),
despite the latter showing a lower hydrodynamic diameter in DLS measurements.
This suggests that nanoparticles produced via Li’s synthesis may possess a higher
bismuth payload and a thinner glucose shell. However, the particles synthesized via
Li’'s method were more uniform in both size and morphology, indicating improved

crystalline Figure 20A and Figure 23B).

Based on these findings, Li’'s method was selected for further nanoparticle
functionalization due to its ability to produce Bi Nps with more controlled

morphology

By the way, one of the main limitations of these syntheses is the poor stability of the

glucose coating. As shown in the section discussing purification by centrifugation,



performing three washing steps caused the coating to break down, leading to particle
aggregation (Figure 22). While dialysis can effectively purify the nanoparticles
without affecting their shape or size, centrifugation is a faster method to obtain the
final formulation. For this reason, further optimization of centrifugation conditions,
in terms of speed and duration are needed. Another limitation is the low overall yield
of the synthesis. In both the Brown and Li methods, the amount of elemental Bi
measured was quite low, since most of the material remained in the supernatant (
Figure 21A and Figure 23A). Therefore, it will be important to improve some steps of
the synthesis, such as the reaction conditions or the centrifugation process used to

separate the pellet from the supernatant and remove excess reagents.

3.2  Functionalization of Bismuth Nanoparticles

The next step involved the functionalization of the nanoparticles using a layer-by-
layer (LbL) approach. After selecting the particles deemed most suitable for surface
modification, a protocol adapted and optimized from the study by Li et al.*” was
followed. In brief, multilayer coatings were created by alternately depositing thin
layers of a polycation, such as poly(allylamine hydrochloride) (PAH), and poly(acrylic
acid) (PAA) as polyanion, prior to the addition of Amino-PEG-Acid (NH2-PEG-COOH).

3.2.1 Layer-By-Layer Coating

As previously mentioned in Chapter 2, the Layer-by-Layer (LbL) protocol reported in
the literature was optimized by testing different concentration ratios between Bi Nps
and the selected polyelectrolytes. To verify the success of each coating step, DLS and

zeta potential measurements were employed for each layer.

For the deposition of the first layer, the initial ratio tested was the one reported in

the reference paper?’, corresponding to a 2:1 concentration ratio of Bi Nps to PAH,



and then was also tested the 1:1 ratio. Figure 25 shows the corresponding DLS
analysis, and the zeta potential values obtained for the nanoparticles. Both analyses
revealed that the coating under these conditions was not effective, as no shift toward
a positive surface charge was observed (Figure 25B and Figure 25D), nor was there
any increase in hydrodynamic diameter (Figure 25A and Figure 25C), indicating that

PAH did not successfully adsorb onto the nanoparticle surface.
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Figure 25: Outcome of PAH coating trials: Evaluation of hydrodynamic diameter (blue) and PDI (red)
through DLS, and surface charge through zeta potential analysis of: (A) and (C) hydrodynamic diameter
and PDI for Bi NPs to PAH ratio 2:1 and 1:1, respectively, and (B) and (D) zeta potential for the same

ratios

Assuming that the failure of the coating was due to an insufficient amount of PAH, an
higher quantity of polyelectrolyte was used to promote the formation of a more
homogeneous and stable coating®. Therefore, the nanoparticles were resuspended

at a lower concentration of 0.5 mg/mL, while PAH solutions were prepared at 1



mg/mL and 1.5 mg/mL, resulting in a ratio Bi Nps to PAH equal to 1:2 and 1:3,

respectively.

As shown by zeta potential and DLS characterizations, the higher quantity of PAH in
solution promotes effective coating of the nanoparticles through electrostatic
interactions. Specifically, the zeta potential increased from —31.8 + 1.26 mV for the
uncoated Bi Nps to +6.74 +0.72 mV for PAH@Bi Nps when coated using a 1 mg/mL
PAH solution (Figure 26B), and from —25.0 mV + 0.69 to +19.27 + 1.40 mV when using
a 1.5 mg/mL PAH solution (Figure 26F). Similarly, the increase in zeta potential was
accompanied by a rise in hydrodynamic diameter, from 107.8 + 1.41 nm to 122.9 +
1.64 nm for the first group (Figure 26A), and from 114.2 £ 0.46 nm to 134.4 + 2.44 nm
for the second group (Figure 26E), further confirming the successful attachment of

the PAH coating.

However, when attempting to replicate the same conditions, it was observed that
PAH coating using a 1 mg/mL solution was not consistently successful. In some cases,
PAH@Bi Nps displayed unstable zeta potential values across technical replicates
(Figure 26C) or showed positive values very close to zero (Figure 26D). This is likely
because 1 mg/mL represents the minimum amount of PAH required to coat the

particles, but not enough to do it homogenously.

Therefore, a Bi Nps to PAH ratio of 1:3 was adopted for further functionalization
steps, as it provided a more distinctly positive surface charge, reproducible across the

three replicates (Figure 26G), and a stable coating even after 24 hours (Figure 26H).
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Figure 26: Outcome of PAH coating trials: Evaluation of hydrodynamic diameter (blue) and PDI (red)
through DLS, and surface charge through zeta potential analysis of: (A) and (E) hydrodynamic diameter
and PDI for Bi NPs to PAH ratio 1:2 and 1:3, respectively, and (B) and (F) zeta potential for the same
ratios. (C) and (D) Zeta potential distribution spectrum of PAH@Bi Nps for Bi NPs to PAH ratio 1:2 run
in triplicates. (G) Zeta potential distribution spectrum of PAH@Bi Nps for Bi NPs to PAH ratio 1:3, run
in triplicates. (H) Evaluation of PAH coating (1:3 ratio) stability over 24 hours through DLS (Blue) and

Zeta potential (red) analyses.

After confirming the stability of the PAH@BI Nps, the coating process was further
optimized by adding the next polyelectrolyte layer, PAA. As before, three different
ratios between PAH@Bi NPs and PAA solution were tested. According to DLS and zeta
potential analyses, the PAA coating was ineffective when using PAA solutions at
concentrations of 0.5 mg/mL* and 0.8 mg/mL. In both cases, the PAA-coated
nanoparticles (PAA@Bi Nps) showed a decrease in surface charge(Figure 27B and
Figure 27D). The hydrodynamic diameter of PAH@Bi Nps further provided evidence
of the unsuccessful layer addition with a decrease in value from 126.8 + 1.07 nm to
117.3 £1.40 nm for PAA@Bi Nps with 0.5 mg/mL PAA solution, to 116.2 + 1.20 nm
with 0.8 mg/mL PAA one. (Figure 27A and Figure 27C).
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Figure 27:0utcome of PAA coating trials: Evaluation of hydrodynamic diameter (blue) and PDI (red)
through DLS, and surface charge through zeta potential analysis of: (A) and (C) hydrodynamic diameter
and PDI for PAH@Bi Nps to PAa ratio 2:1 and 1:0.8 respectively, and (B) and (D) zeta potential for the

same ratios.

In contrast, using a PAA concentration of 1 mg/mL resulted in a progressive increase
in hydrodynamic diameter, from 126.6 + 1.68 nm for PAH@Bi Nps to 142.9+ 1.80 nm
for PAA@Bi Nps (Figure 28A), maintaining also a PDI below 0.2. Also, the zeta
potential shifted from +12.5 + 0.54 mV for PAH@Bi Nps to —34.4 + 1.72 mV for
PAA@Bi NPs (Figure 28B).
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(red) through DLS, and (B) surface charge through zeta potential analysis for PAA@Bi Nps to PAA ratio
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Regarding the optimization of the PEGylation step, no additional modifications were

required compared to the already established protocol®’.

PEG-coated Bi NPs (COOH-PEG@Bi Nps) exhibit an increase in size from 142.9 +
1.80 nm and PDI 0.12 + 0.07 for the PAA@Bi NPs to 151.1 + 0.49 nm and PDI 0.15
0.03 for COOH-PEG@Bi Nps (Figure 29A). Similarly, the zeta potential shows a slight
shiftin surface charge from -34.37 +1.72 mV to0 -16.98 + 0.57 mV for the same groups
(Figure 29B).

To further confirm the presence of PEG on the surface of the nanoparticles, FT-IR
analysis was performed on the three key components: uncoated Bi Nps, the pure

NH;-PEG-COOH, and the PEGylated nanoparticles (COOH-PEG@Bi Nps) (Figure 29C).

In the region between 3000 and 3500 cm™, all spectra display a broad band generally
attributed to the stretching vibrations of —OH and —NH groups. Specifically, while in
the spectrum of Bi Nps this peak is realted to the -OH groups of the glucose coating,
the spectrum of free PEG shows a single broad peak due to the overlap of the O—H
stretching from the carboxylic acid group and the N—H stretching from the terminal

amine. However, in the PEGylated Bi Nps, the peak in this region likely corresponds



solely to the free carboxyil end, suggesting that the amine group is no longer free,

having reacted during the conjugation process.

Another significant difference of PEG alone is observed between 2800 and 3000 cm™,

which corresponds to the aliphatic -CH, stretching vibrations.

Particularly evident is the peak around 1100 cm™, which is associated with the
stretching of ether bonds (C—0-C) in the PEG backbone. This signal is very intense in
free PEG and remains visible, in the PEGylated BiNPs, further validating the presence

of PEG on the nanoparticle surface.

In the region between 1700 and 1720 cm™, a peak attributable to the carbonyl (C=0)
stretching of the free carboxylic acid group is observed. This band appears in both the

free PEG and PEGylated Bi Nps spectra.

The presence of this peak with a new band between 1500 and 1600 cm™, absent in
the other spectra and only present in PEGylated BiNPs, is particularly significant. This

latter band is associated with N—H bending and C—N stretching vibrations.

Overall, the most relevant peaks found at 1100 cm™ and 1700 cm™, serve as a
markers to confirm the successful surface functionalization: the former indicating the
presence of the PEG ether backbone on the nanoparticles, and the latter confirming

the retention of a free carboxyl terminal group.

E
s o
= 05 o 20 BiNPs
@ s < 3 T
- o B = ] 8 PEG
z T £ \ ] COOH-PEG@BI Nps
E 450] . 3 = o — & vy ‘
g e 03 & 5 ’ . B e
© — oz = Ea204 / N 8 \ [ VAl
E 100 e 4 a ° y 1V '_E \/ R W‘“l
s " e For 5 o 40+ ES r I e
g : H ek
T 5 T T T T 00 £ 80— J ! ! 4000 3000 2000 1000
T « & « « & & & & ,

& & & g@“b\ @ Q@b‘ vy@t/b‘ :,@?\ Wavenumbers (cm™)

& & & R
()o‘ﬁ &

Figure 29: Surface functionalization evaluation of Bi Nps. (A) Evaluation of hydrodynamic diameter
(blue) and PDI (red) through DLS analysis across the whole functionalization process. (B) Evaluation of

surface charge though Zeta potential analysis across the whole functionalization process. (C) FT-IR



Spectra showing %transmittance as a function of wavenumber, to compare lyophilized Bi Nps (green),

NH2-PEG-COOH alone (blue) and PEGylated Bi Nps (red).

Finally, the stability of the PEGylation was evaluated by characterizing COOH-PEG@Bi
Nps over a period of up to four weeks using DLS and zeta potential analysis. Figure
30A and Figure 30B demonstrate the stability of the PEG-based coating, showing an
average hydrodynamic diameter of 148.24 + 2.01 nm and a PDI of 0.15 + 0.04, along

with a consistently negative surface charge of -15.87 £ 1.05 mV.
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Figure 30: Assessment of PEGylated Bi Nps stability. Evaluation of (A) hydrodynamic diameter (blue)

and PDI (red) and (B) surface charge, over 4 weeks.

3.2.2 Tailoring the Surface Chemistry of Bi Nps

The functionalization process of BiNPs required multiple optimization steps, as the
protocol previously reported in the literature proved ineffective when applied to the
nanoparticle formulation developed in this thesis. Therefore, the optimization
focused on adjusting the relative amounts of each component, including the
polyelectrolytes PAH and PAA, as well as the concentration of the BiNPs: after testing
several ratios between BiNPs, PAH, and PAA, the combination that resulted in a stable

coating was found to be 1:3:1, respectively for BiNPs, PAH, and PAA, in terms of



concentration. Regarding the PEGylation step, a key modification was necessary. The
originally used methoxy-PEG-amine (mPEG-NH,), bearing a terminal methoxy group,
did not allow for further surface modification of the PEGylated BiNPs without
complex chemical alterations that could compromise nanoparticle stability. To
overcome this limitation, a heterobifunctional NH,-PEG-COOH was selected. The
amino end (-NHz) enabled covalent attachment to the nanoparticle surface, while the

free carboxylic group (-COOH) allowed for subsequent antibody conjugation.

Characterization by DLS and Zeta Potential analysis after each coating revealed a
gradual increase in hydrodynamic diameter and a shift in surface charge. Specifically,
as shown in Figure 29 the hydrodynamic size increased from 110.3+ 0.07 nm for
uncoated BiNPs to 151.1 + 0.49 nm for PEGylated BiNPs, while the surface charge
shifted from — 36.3 + 1.07 mV to -16.98 + 0.57 mV, confirming the successful
sequential deposition of each layer. Further confirmation of successful PEGylation
was provided by Fourier-Transform Infrared Spectroscopy (FT-IR). The FT-IR spectra
of PEGylated BiNPs showed characteristic absorption bands around 1100 cm™,
corresponding to the PEG backbone (C—-0O-C) stretching, and around 1700 cm™,
indicating the presence of carbonyl (C=0) groups, which are consistent with the

carboxyl terminal group of the PEG.

Finally, unchanged DLS and zeta potential values over time, confirmed that the PEG
coating provided colloidal stability in aqueous suspension for up to four weeks (Figure

30).



4 Chapter 4 - Conclusion

In this work, Bi Nps were successfully synthesized following two literature protocols,
both using bismuth(lll) nitrate pentahydrate as the salt precursor, morpholine borane
as the reducing agent, and glucose as the stabilizer and capping agent, all in the
common solvent 1,2-propanediol. The first method was developed by Brown et al.
and the other by Li et al., that differ in their experimental conditions, particularly in

glucose concentration (3.57 M in Brown’s method versus 0.66 M in Li’s).

The synthesized particles were characterized using DLS, Zeta potential, and TEM
analyses, which revealed notable differences in their physicochemical properties.
Nanoparticles from Brown’s method exhibited a larger hydrodynamic diameter
(140.70 £ 14.77 nm) with lower polydispersity (PDI: 0.15 + 0.037), whereas those
from Li’s protocol were smaller (106.35 + 2.75 nm) but slightly more polydisperse
(PDI: 0.19 £0.01). TEM imaging further showed that particles obtained with Li’s
method had a larger bismuth core (65.63 £ 9.64 nm) compared to those synthesized
via Brown’s approach (47.3 +14.26 nm), which appeared less uniform in shape.
These differences suggest that Li’'s method leads to particles with higher bismuth

content and a thinner glucose coating.

UV-Vis spectroscopy confirmed characteristic absorption peaks between 380—-400
nm for Brown’s particles and 350-400 nm for those from Li’s method, while Zeta
potential measurements showed a negative surface charge for both formulations,
with no significant differences. Long-term stability tests, performed through DLS,
Zeta Potential and UV-Vis, confirmed excellent colloidal stability in aqueous
suspension for both formulations, attributed to the stabilizing effect of the glucose
coating. Further X-ray attenuation studies at varying concentrations demonstrated
that both nanoparticle formulations outperformed traditional ICAs, offering
improved radiodensity. Moreover, TEM analysis confirmed the superior
morphological uniformity and narrower core-size distribution of particles synthesized
with Li’s method, making them the preferred choice for subsequent surface

functionalization steps.



The functionalization was employed through a LbL approach using PAH and PAA as
polyelectrolytes and heterobifunctional PEG (NH,-PEG-COOH) for final PEGylation. Its
amine group allowed covalent attachment to the nanoparticle surface via EDC
chemistry, while the carboxyl end remained available for subsequent antibody
conjugation. Each coating step was monitored by DLS and Zeta potential
measurements, which confirmed the successful deposition of each layer through
gradual increases in hydrodynamic diameter and alternating zeta potential values.
After PEG attachment, the hydrodynamic diameter increased by approximately 45
nm, while the surface charge stayed negative. Further confirmation of PEG deposition
layer came from FT-IR spectroscopy, which showed characteristic peaks around
1100 cm™ (C—0-C) and 1700 cm™ (C=0), consistent with the structure of bifunctional
PEG. Finally, the stability of the PEGylated formulation was confirmed by the
maintenance of hydrodynamic diameter and surface charge over time remaining

stable in aqueous suspension within four weeks.

In summary, Bi Nps were successfully developed and functionalized, showing
improved physicochemical properties and good surface stability. Thanks to their
strong X-ray attenuation and the ability to be functionalized with targeting molecules,
these nanoparticles represent a promising platform for contrast-enhanced imaging
applications. Future studies could investigate their potential for visualizing specific
molecular markers, such as Contactin-2, which is expressed by cells of CCS. This
approach may be further developed to assess and validate selective binding to Cntn2,
starting with in vitro experiments and progressing to in vivo models, paving the way

for future applications in targeted imaging of the CCS.
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