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“I can live with doubt and uncertainty and not knowing. I think it is much more interesting to live
not knowing than to have answers that might be wrong. If we will only allow that, as we progress,
we remain unsure, we will leave opportunities for alternatives. We will not become enthusiastic for

the fact, the knowledge, the absolute truth of the day, but remain always uncertain...In order to

’

make progress, one must leave the door to the unknown ajar.’

-Richard P. Feynmann

“The search for truth is more precious than its possession.”

-Albert Einstein

“«“

on est ad astra mollis e terris via.”

-Lucius Annaues Seneca
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Preface

Reactive Oxygen Species (ROS), including oxygen free radicals and non-radical oxygen derivatives,
are natural byproducts of cellular metabolism. While essential in physiological processes, excessive
ROS levels can damage cellular components and contribute to the progression of various diseases. In
radiotherapy, ROS production induced by ionizing radiation is used to impair cancer cells, damaging
their genetic material. Enhancing this ROS generation within the tumor microenvironment while
simultaneously attaining real-time ROS monitoring could significantly improve therapeutic
outcomes. This dual functionality can be achieved using nanodiamonds (ND), i.e., diamond
nanoparticles. Their surface can indeed be modified to target tumor sites and promote electronic
emission under irradiation, resulting in ROS increase at the desired location, whereas
photoluminescent Nitrogen-Vacancy (NV) centers in their core can be exploited as sensors for ROS

measurement.

The tuning of ND surface terminations can be accomplished through high-temperature thermal
treatments in controlled atmosphere. Among the various processes, hydrogenation ones are
particularly notable, as they produce hydrogenated ND, which are characterized by a negative
electron affinity. This property, besides causing high water-induced surface electrical conductivity,
has been found to be responsible for an intense electronic emission from the particles under
irradiation. Such phenomenon can be exploited to boost the production of ROS generated in
radiotherapy by ionizing radiation, thus enhancing the efficacy of the treatments. The control of NV
centers in ND core can instead be achieved through particle modification with ion beams and is of
paramount importance in sensing, since these defects can be employed for assessing the concentration
of free radicals via Ti-relaxometry. The technique measures T relaxation time of negatively charged
NV centers (NV"), as such quantity is shortened when free radicals are present in the environment

surrounding ND.

ND hence appear as a promising platform for monitoring radiotherapy treatments while enhancing
their effectiveness at the same time. Nevertheless, ND high aggregation tendency in aqueous solutions
poses serious challenges for their real application, being cellular environment rich in water. To solve
this issue, ND surface can be decorated with hydrosoluble polymers, such as hyaluronic acid (HA).
This biodegradable and biocompatible molecule imparts ND better water dispersibility, providing
them also with targeting ability, i.e., favoring their internalization in specific tumor cells that
overexpress cluster determinant 44 (CD44) HA receptors on their membrane (e.g., breast and lung
cancer cells). HA can be attached to ND surface by non-covalent functionalization, exploiting its
reaction with phospholipids, such as 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE),
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originating amphiphilic conjugates, which are linkable to the nanoparticles following an extremely

straightforward approach.

Tailoring surface and core properties of ND is crucial for designing particles that can effectively
amplify ROS production, while allowing for their concurrent measurement. The work of this thesis
was carried out with this perspective, focusing on the characterization of ND modified via thermal
treatments, functionalization with a HA/DMPE conjugate, and ion irradiation, for the development
of systems capable of simultaneously enhancing and measuring ionizing radiation-induced ROS

production.

The first goal of the experimental activity was attaining a comprehensive knowledge of the effects of
thermal treatments in controlled atmosphere on ND properties and establishing an efficient
modification protocol to achieve the desired modifications to the ND surface. To this end, the impact
of various thermal processes on ND surface terminations was investigated. Such analysis was
performed by evaluating the electrical properties of the ND, which were assessed through electrical
measurements conducted under controlled humidity conditions. These provided insights into changes
in ND surface chemistry and structure, that were then confirmed via Diffuse Reflectance Infrared
Fourier-Transform (DRIFT) spectroscopy and Raman spectroscopy, and associated with distinct
conduction mechanisms, investigating also the effect of particles size. The influence of thermally
induced surface terminations was also analyzed in relationship to ND hydrodynamic properties,
conducting Dynamic Light Scattering (DLS) and Zeta Potential (ZP) measurements to gain insights

into particles behavior in aqueous solutions.

To render ND particles highly dispersible in aqueous environment and simultaneously selective
towards CD44-rich tumor cells, modification of thermally treated ND through non-covalent
functionalization with HA/DMPE was implemented. Alterations to ND properties induced by
derivatization were explored thanks to a comparative characterization of ND before and after surface
decoration through various techniques (DRIFT spectroscopy, Raman spectroscopy,
Photoluminescence spectroscopy, Scanning Electron Microscopy, DLS analyses, and ZP
measurements), allowing to confirm the efficacy of the functionalization approach and its
effectiveness in increasing the stability of the particles in water-based solutions. To evaluate the
cellular biocompatibility and the targeting action towards CD44-rich cells of the developed particles,

the ND were also tested on different cell lines in in vitro experiments.

To assess the potential of hydrogenated ND to enhance ionizing radiation-induced ROS production,
targeted experiments were undertaken. ND in aqueous solutions were irradiated with y-rays and the

concentration of the generated hydroxyl radicals ('OH) in the dispersions was measured via
8



fluorescence spectroscopy, using terephthalic acid as a fluorescent probe molecule. Production of "OH
was investigated for hydrogenated ND and their HA-functionalized counterpart, and the results were
compared with the aqueous solution alone and control ND, which were not expected to enhance
radical generation. Furthermore, to investigate the correlation between the ROS production observed
in aqueous solution and the biological effects of the combined action of ND and ionizing radiation,
preliminary in vitro experiments were performed on a radio-resistant cancer cell line to evaluate

cellular viability following ND administration and subsequent y-photons irradiation.

Finally, the fluorescence properties of NV centers embedded in ND core were investigated to assess
the suitability of ion beam-modified particles as tools for measuring ROS production via
Ti-relaxometry. A photoluminescence spectroscopy characterization of ion beam-irradiated ND was
performed to estimate the concentration of NV~ centers formed under different irradiation conditions.
The particles with the highest NV~ defects concentration were then selected for preliminary
Ti-relaxometry experiments, aimed at measuring T relaxation times both in the absence and in the

presence of paramagnetic species.

This work was conducted within the Solid State Physics group at the Physics Department of the
University of Torino (UniTo); however, as a result of its significant interdisciplinary nature, it
involved collaborations with the Departments of Chemistry (Prof. Lorenzo Mino), Drug Science and
Technology (Prof. Silvia Mariangela Arpicco’s group), and Oncology (Prof. Chiara Riganti’s group)
at UniTo, as well as with researchers from the Universitair Medisch Centrum Groningen (Prof.

Romana Schirhagl’s group).
The thesis is organized as follows.

e Chapter 1 introduces the contextual framework in which the work is inserted, delivering
background information about ROS, including the enhancement of their production by
radiosensitizers and the various techniques used for their measurement. The chapter also
describes the properties of diamond and ND, delving into the use of thermal treatments in
tuning ND surface moieties and eventually detailing the applications of ND for increasing and
measuring ROS production. The goals of the experimental activity are also presented.

e Chapter 2 outlines the ND samples, as well as the instrumentation employed for their
modification and characterization.

e Chapter 3 provides a detailed report of samples processing and the results obtained from the

characterization of thermally-modified diamond particles, analyses on HA-functionalized



ND, tests of ND in combination with y-photons irradiation, and study of ion-beam modified

ND for application in Ti-relaxometry.

Chapter 4 summarizes the key findings of the work, presenting its conclusions and an

overview of its future developments.

The appendix presents the results of additional analyses conducted in relation to the main

activity.
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1. Introduction
1.1 Reactive Oxygen Species (ROS)

“Reactive Oxygen Species” (ROS) is a broad term encompassing a diverse group of oxidizing
chemicals with various properties and biological roles, ranging from cellular signaling to inducing
cell damage. The production of ROS through ionizing radiation is the mechanism by which
radiotherapy damages cancer cells, ultimately leading to their death. In this context, local
enhancement of ROS generation at the tumor site is crucial for improving the efficacy of radiotherapy
and can be achieved using radiosensitizing agents. Among these, nanodiamonds are particularly
promising due to their exceptional biocompatibility and their ability to enable simultaneous
measurement of ROS concentration through Ti-relaxometry. Measuring ROS concentration is indeed
a key aspect to understanding their biological consequences, though it often presents challenges with

the most widely available techniques.

To deeply examine these concepts, the following sub-sections will describe ROS and their role in
radiotherapy, the interaction of ionizing radiation with matter and its effects on cells, the increase of

ROS production through radiosensitizers, and the different methodologies for measuring ROS.

1.1.1 ROS definition, biological functions, and role in radiotherapy

Reactive Oxygen Species (ROS) encompass both non-radical oxygen derivatives, such as hydrogen
peroxide, and oxygen free radicals, including superoxide and hydroxyl radical [1]. These chemicals
contain at least one oxygen atom in their structure and exhibit exceptionally high reactivity, which
surpasses that of molecular oxygen. ROS are generated physiologically by cells as a byproduct of
normal metabolism occurring in oxidative reaction processes of the mitochondrial respiratory
chain [2]. Moreover, ROS are also produced via various intra- and extra-cellular processes involved
in regulating body homeostasis (i.e., internal stability in response to external changes [3]), such as
cell division, differentiation, and death [2,4]. At controlled levels, ROS are essential for normal cell
functions, contributing to signaling pathways [4,5] and promoting beneficial effects, including wound
healing, repairing processes, and the elimination of pathogens [2]. On the other hand, when ROS are
produced in excess or when there is an imbalance between their generation and cells antioxidant
defenses, oxidative stress damage occurs [1]. In this respect, ROS disturb a series of events that
deregulate cellular behavior, impairing the functionality of critical biomolecules and organelles like
DNA, proteins, and lipids [2]. This can result into various diseases such as neurodegeneration,
Alzheimer's disease, diabetes, Parkinson's disease, protein misfolding diseases, and ophthalmological

diseases [2,6].
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‘OH 0, OH’
Figure 1-Examples of ROS [7].

Among the various ROS, particular relevance should be given to superoxide anion (O "), hydrogen
peroxide (H202), and hydroxyl radical ("OH). These are indeed primary species, i.e., they are
produced directly from molecular oxygen during successive steps of one-electron reductions, as

displayed in the reaction below (Eq.1), thus acting as a source of other ROS [1].

+e  ,_+e 20D +e,
0,— 0" — H.0,— "OH Eq.1

02" " is produced enzymatically by the monovalent reduction of oxygen and its levels are controlled
by mechanisms of detoxification involving the enzyme superoxide dismutase, which causes the
release of less toxic H2O». O,"~ can give rise to peroxynitrite (ONOO ) and "OH, reacting respectively
with nitric oxide free radical (‘NO) and H>O2 [1,6]. This latter molecule plays a key role in regulating
redox signaling at homeostatic physiological levels and is essential for cellular metabolism and
survival, both in the extracellular and intracellular environments. When chloride ions are present,
H>0: is converted into hypochlorous acid (HCIO), which is critical for oxidative damage, including
the mechanism through which pathogens are killed by the immune system [1]. The partial reduction
of H>O» results in the formation of ‘OH radical. This is regarded as the most potent oxidant among
ROS, having a strong affinity for electronic-rich sites, such as aromatic or sulfur-containing
molecules, including proteins and DNA, which damage by altering or impairing their functions. Due
to its highly reactive nature and to the fact that it cannot be enzymatically removed, it is not considered

as signaling specie, contributing significantly to oxidative stress and tissue damage [1,6].

Other notable ROS which are widely recognized as biomarkers of oxidative stress are hydroperoxyl

radical (HOO") and nitric oxide free radical ("NO). The former plays a crucial role in lipid
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peroxidation by initiating chain reactions that transform polyunsaturated fatty acids into lipid
hydroperoxides, which subsequently decompose into secondary products like aldehydes and
malondialdehydes [1,6]. On the other hand, "NO serves as a multi-functional regulator and effector
of the immune, cardiovascular, and nervous systems when present at optimal levels. However, 'NO
can also exhibit harmful effects, leading to the formation of highly oxidative species like nitrogen
dioxide radical (‘NO:), peroxynitrite (ONOO ), nitrosoperoxycarbonate (ONOOCO; ), and
carbonate radical (COs3" ") through reaction with CO2 [1].

An important pathological condition linked to elevated ROS levels and oxidative stress is cancer [8].
Studies have shown that during the transformation from normal to tumor cells, ROS levels
continuously increase [8—10]. This accumulation triggers enhanced antioxidant defense mechanisms,
shifting redox homeostasis from a normal state to a new equilibrium characterized by high rates of
both ROS generation and scavenging, thereby keeping ROS levels within cancer cells below the toxic
threshold [9]. Cancer cells thus depend heavily on their endogenous antioxidant systems, making
them particularly susceptible to external factors that induce further ROS generation. This
vulnerability is exploited in various anticancer strategies, including molecular targeted drugs,
chemotherapeutic agents, and treatments such as sonodynamic and photodynamic therapy [9,11]. In
this context, radiotherapy stands out as a widely employed anticancer strategy that induces ROS
generation through the use of ionizing radiation [9], encompassing various methodologies that have
evolved over the years. Conventional radiotherapy primarily utilizes X-rays and y-rays [12], while
hadrotherapy is based on particles like protons or carbon ions [13], which offer the advantages of
dose elimination beyond the target and reduced dose in proximity to the particle end-of-range [14].
As will be detailed in the following sub-sections, the ROS generated by ionizing radiation are the
primarily responsible for the biological damage inflicted on cancer cells during radiotherapeutic

treatments [15].

1.1.2 Tonizing radiation and ionizing radiation-generated ROS

Ionizing radiation is defined as radiation possessing enough energy to remove one or more electrons
from the atoms or molecules it interacts with, resulting in ionization. Given that the typical binding
energy of electrons in biological materials is around 10 eV, any radiation must have energy exceeding
this threshold to be considered as ionizing [16]. Ionizing radiation encompasses photons (X-rays and
y-rays), as well as neutral particles (like neutrons) and charged particles (such as protons, electrons,
and alpha particles). Photons are classified as indirectly ionizing because they displace orbital

electrons from atoms, which then carry energy away from the primary interaction site. In contrast,
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neutral and charged particles are regarded as directly ionizing, since they transfer energy through

direct collisions with atomic electrons [16].

Most clinical applications rely on the use of photons [17]. When a narrow beam of No monoenergetic
photons enters a uniform absorber, the number of photons N(x) remaining in the beam at a depth x,

without any interaction, is described by the following equation (Eq.2):
N(x) =Nye™ Eq.2

where u represents the linear attenuation coefficient, or macroscopic cross-section, which denotes the
probability per unit distance for a photon to interact, having dimensions of inverse length. In media
with density p, this can also be expressed as the mass attenuation coefficient, wp [18]. In the
100 keV - 25 MeV energy range, which is the one commonly used in radiotherapy [17], two primary
interaction mechanisms between photons and matter should be mentioned, i.e., the photoelectric
effect and Compton scattering (Figure 2). The former, dominating for keV energy photons, involves
a photon transferring all its energy to a bound electron in a defined electronic shell (K, L, etc.). A
portion of the transferred energy is used to overcome the electron binding energy, allowing it to be
ejected from the atom, while the remaining energy contributes to the electron kinetic energy (Ex),

which is given by:
Ek = hv — Eb Eq.3

where /v represents photon energy and Ej the electron binding energy. The hole left by the ejected
electron can be filled by an electron from an outer shell, resulting in the emission of characteristic
X-rays or the release of an Auger electron [18]. On the other hand, Compton scattering, prevailing
for photons in the MeV energy range, consists in the partial energy transfer from a photon to a loosely
bound outer orbital electron, often referred to as a free electron. The incident photon is scattered at
an angle 0, while the struck electron recoils with kinetic energy Ex. From conservation of energy and
momentum, the equations for the kinetic energy of the electron (£x) and the energy of the scattered

photon (hv') are:

1 — cosO

mc?
Ty + 1 — cos@
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hv
hv' =

- hv
1+ eZ (1 — cos0)

Eq.5

being hv, ¢ and m the initial photon energy, the speed of light in vacuum and the electron mass,
respectively. The electron and the photon can then undergo further interactions, causing more

ionizations, until their energy is dissipated [18].

Photoelectric Effect

Incoming photon

® X-ray photon
Ejected electron from the K-shell

Compton Effect

° Recoil electron from the outer shell

Incoming photon

Scattered X-ray

Figure 2-Illustration of photoelectric effect and Compton scattering [19].
Considering both photoelectric effect and Compton scattering, u can be expressed as:
U=t+o Eq.6

where 7 and o represents respectively the contribution from the former and the latter phenomenon. 7

and o are both dependent on the atomic number (Z) of the absorber [18,20]:

uocZ? Eq.7

ocxZ/Z Eq.8
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Thus, the likelihood of these interactions increases in materials with a high atomic number [18].

A crucial quantity to consider in connection to radiotherapy is the energy which is imparted by
ionizing radiation to a medium. This is typically expressed by the absorbed dose, named also simply

dose (D), defined as:
D=— Eq.9

where de is the average energy transferred to a mass dm of matter. Such quantity is measured in joules
per kilogram (J kg™'), commonly referred to as gray (Gy) [21]. A standard radiation therapy regimen

usually involves daily fractions ranging from 1.5 Gy to 3 Gy administered over several weeks [12].

On the other hand, when examining the biological effects of ionizing radiation on cells, it is important
to distinguish between direct and indirect effects. Direct effects involve the ionization of critical
cellular components, such as DNA, directly caused by radiation. In contrast, indirect effects result
from the interaction of radiation with molecules different from the target ones, such as water, making
up 70% - 80% of the cell volume. This gives rise to the production of ROS, which then reach the
critical targets by diffusion, leading to harmful effects by inducing oxidative stress [17]. ROS are
generated from water in a process called radiolysis, i.e., radiation-induced water decomposition. As
displayed in Eq.10, such process starts with the ionization of a water molecule, requiring an energy
of 13.6 eV [16], and results in the formation of two highly unstable species, namely a radical cation,
H,O"", and electron. The former is a strong acid and loses proton within 10'° seconds to nearby water
molecules, thus producing a hydroxonium ion (H3O") and a hydroxyl radical ("OH) according to
Eq.11. The electrons released during ionization can travel considerable distances, making
recombination unlikely, so that they are captured by other water molecules and become solvated, as

shown in Eq.12.

ionizing radiation

HO ——— S H,0O " +¢ Eq.10
H,O"*+ H,0 — H;0"+ "OH Eq.11
e+ nHxO — e7q Eq.12

Electronically excited water can also be present, generating through its dissociation (Eq.13) a
hydroxyl radical ("OH) and a hydrogen radical (H"). The formation of hydrogen peroxide ensues from
the self-termination of two hydroxyl radicals (Eq.14), while hydrogen is produced in the processes

outlined in Eq.15 and Eq.16.
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ionizing radiation

H,O ——— > 'OH+ H’ Eq.13
2 "OH — H20, Eq.14

2H' — H» Eq.15

2¢aq+ 2 H— Hy Eq.16

As detailed in Eq.17 and Eq.18, the reactions of H" and e7aq with oxygen give respectively rise to into

superoxide radical and hydroperoxyl radical (HO").

€aqt 02— O~ Eq.17
H+ 0O, — HO" Eq.18

The whole set of reactions can be compactly written as illustrated in Eq.19 [22]:

ionizing radiation

H)O ———— > "OH + €73+ H'+ H202 + H3O" + Ho + O, + HO™, Eq.19

Direct and indirect effects are predominant for heavy particles and photons, respectively [15], and
both can harm various cellular components, with DNA being the primary target. Radiation can cause
single-strand breaks and double-strand breaks, which are disruptions in one or both strands of the
double helix. Additionally, other types of damage may occur, including chemical alterations of the
nitrogen bases in the DNA backbone and cross-linking, which involves the formation of covalent

bonds with proteins or other DNA molecules [17,23].

lonizing " Direct effect %
radiation DSB
‘ Base change
-
HO -
L,J o
f——1
l Indirect effect T
® o ---12= gl
¢+9+° "'"“() " "‘Q /N, Cross-linkage with protein
H. + OH. +e +H30 +H202 e
—
l e = _
- Cross-linkage with DNA
090 —> @@
eq*0; 0,"

Figure 3-llustration depicting the effect of ionizing radiation on DNA: ionizing radiation can cause direct damage to DNA
(direct effect) or can dissociate water molecules, leading to the production of ROS that subsequently damage DNA
(indirect effect). Various types of DNA damage may result, including single-strand breaks, double-strand breaks,

alterations in nitrogen bases and cross-linking with proteins or other DNA strands [23].
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1.1.3 Radiosensitizers: ROS production enhancement by nanoparticles

A higher radiation dose in radiotherapy increases the damage to cancer cells by amplifying both
radiation direct effects and ROS production. However, since ionizing radiation affects all tissues
indiscriminately, such strategy also leads to increasing damage to healthy organs. This highlights the
need for alternative treatments which enhance the effectiveness of radiotherapy without raising
radiation doses, thereby minimizing side effects. A promising strategy to achieve this goal rely on the
use of radiosensitizers (RS), i.e., molecules or materials that, when combined with radiation, achieve

greater tumor killing than would have been expected from radiation alone [24].

Besides small molecules and macromolecules, radiosensitizers include nanomaterials (NM), which
are defined as materials having at least one dimension in the size range spanning from 1 nm to 100 nm.
NM typically exhibit physicochemical properties that differ significantly from those of bulk materials
and are dependent on their size and shape. They are classified into four groups based on the size of x,

y, and z dimensions.

e Zero-dimensional NM have all three dimensions with nanoscale size. They encompass
nanoparticles (NP) and nanospheres.

e One-dimensional NM are characterized by having two dimensions in the nanoscale range,
while the third dimension is not. They include nanorods, nanotubes, and nanowires.

e Two-dimensional NM extend across two dimensions, while the third dimension remains at
the nanoscale. Nanofilms, nanolayers, and nano-coatings belong to this group.

e Three-dimensional or bulk NM are not restricted to the nanoscale in any dimension, but they
retain nanoscale size in their building blocks. Examples include ordered aggregates of

nanoparticles, bundles of nanowires or nanotubes, and multi-nanolayers [25].

In relation to radiosensitizers, particular attention should be given to nanoparticles (NP), due to their
preferential accumulation in tumor sites. This results from the Enhanced Permeability and Retention
(EPR) effect, a phenomenon allowing NP to penetrate tumor tissue by exploiting the increased gaps
between endothelial cells and to be retained because of poor lymphatic drainage [26]. Additionally,
NP can be endowed with active targeting action through surface functionalization, which involves
decorating their surface with specific molecules binding to overexpressed receptors on cancer cells,
thereby further enhancing their delivery to tumor tissues [23]. Once in the tumor site, NP can achieve
radio-enhancement through interaction with ionizing radiation which induces the release of a
significant quantity of electrons within nanoscale volumes, thereby amplifying both the direct and

indirect effects of ionizing radiation (Figure 4) [20,24].
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Most current research focuses on high-Z metal NP, such as gadolinium, silver, platinum and especially
gold, as these high-Z materials possess strong capabilities for absorbing ionizing radiation and
emitting secondary electrons, contributing to localized dose enhancement through photoelectric effect
or Compton scattering [20,27,28]. In addition to several in vitro investigations, numerous in vivo
studies have demonstrated the effectiveness of radio-enhancement using metal NP. Pioneering
research by Hainfeld et al. showed for instance that the combination of 26 Gy of X-rays with
intravenous administration of Au NP at quantities up to 2.7 g per kg of body weight improved the
survival of mice with subcutaneous EMT-6 mammary carcinoma compared to those exposed to
radiation alone [29]. Another notable example is the study by Zhang et al., which reported an
approximately 66% decrease in tumor volume in mice bearing Ul4 cervical carcinoma when
treatment with 5 Gy of X-rays was combined with glutathione-coated gold nanoparticles, rather than

using only X-rays [30].

Compton effect S ’

_ 4

Photoelectric effect

~§)

e-

e
Auger effect
Cancer cell po| {ROS} = Cell death

Figure 4-Radiosensitizing mechanism of metallic NP. The NP deposits the radiation dose through photoelectric effect
and Compton effect, leading to DNA damage via indirect and indirect processes [23].

However, some inquiries have also uncovered potential hazards related to the use of metal NP. Lee et
al. showed for instance that A549 lung epithelial cells underwent morphological changes, including
cell shrinkage, few cellular extensions, a restricted spreading pattern, and cell death in a
dose-dependent manner when exposed to increasing concentrations of Ag NP for 24 h [31]. Similarly,
Labrador-Rached et al. found that citrate-coated Pt NP are toxic to mammalian liver cell line HepG2,
compromising basal cellular functionality [32]. Regarding in vivo experiments, van der Zande et al.
demonstrated that Ag NP that were orally administrated for 21 days in mice (20 mg per kg of body
weight) disrupted epithelial cell microvilli and intestinal glands [33], whereas Stefan et al. suggested
possible liver toxicity and brain damage caused by Au NP, based on observing an increase of the
liver-to-body ratio and a decrease of brain-to-body ratio in rats injected with chitosan-capped Au
NP [34].
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Due to the concerns related to metal NP utilization, there is a strong imperative to find alternative
radio-enhancing platforms that guarantee safety following cellular uptake and nanodiamonds (ND)
revealed significant capabilities in this respect. Besides displaying displays superior physical and
chemical properties, ND feature chemical inertness and excellent biocompatibility, which are both
crucial for their implementation in biological environments [35]. Tailoring of ND surface
terminations results in the alteration of their electronic properties and makes possible their application
as radiosensitizers [36,37], whereas surface functionalization allows their selective delivery to the
tumour tissues [35]. Beside increasing ROS production, the use of ND also enables the measurement
of ROS concentration through Ti-relaxometry [38], thus offering the possibility to combine the
enhancement of the efficacy of radiotherapy treatments with their tracking. These aspects will be

examined in more detail in the following.

1.1.4 ROS measurement techniques

Given the significance of ROS, determining their concentration is crucial for fully understanding their
biological effects. In the context of radiotherapy and the enhancement of ROS production by
radiosensitizing agents, measuring ROS levels becomes essential not only for monitoring the progress
and efficacy of the treatments but also for evaluating the effectiveness of specific radiosensitizers.
Although measuring ROS is complex due to their instability, short lifespan (table in Figure 5) and
their mutual interactions, an extensive array of techniques is nowadays available [39]. The list below
outlines the main methods employed for ROS measurements, providing a brief explanation of their

working principle.

e The use of fluorogenic probes is based on non-fluorescent molecules that react with the target
ROS to produce fluorescent compounds detectable through fluorescence spectroscopy.
Among the most employed ones there are 2’,7’-dichlorodihydrofluorescein diacetate and
dihydroethidium, both cell permeable and thus suitable also for ROS determination in cells,
as well as Amplex Red and terephthalic acid (TPA), typically applied for measurements in
aqueous solutions [40].

e Chemiluminescence analyses exploit the emission of photons during the reaction between the
species to be detected and an active component, such as bis-N-methylacridinium nitrate,
commonly known as “lucigenin”, or 5-amino-2,3-dihydroxy-1,4-phthalazinedione, often
referred to as “luminol”. Both of these compounds can be used for in vitro
measurements [39,41].

e Spectrophotometric methods operate based on the reaction of ROS with redox substances,

measuring the difference in absorbance at various wavelengths between the substrates and
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products. Examples include the application of nitroblue tetrazolium to superoxide
determination, possible thanks to the production of insoluble purple/blue formazan
crystals [42], and the use of 3,3’-diaminobenzidine for H,O» quantification, enabled by the
formation of a brown precipitate [39,43].

Electrochemical techniques measure the current generated by oxidation/reduction reactions
involving the species under exam using electrochemical biosensors featuring microelectrodes
coated with biomolecules. A common approach, adopted for superoxide recognition, involves
electrode coating with protein cytochrome c, that upon reaction with 0>, undergoes oxidation
by the electrode, thus generating a current with intensity proportional to the radicals
concentration [44,45].

Chromatographic methods are prevalently employed for the identification and quantification
of hydroxyl radicals. "OH are made to react with reagents such as benzoic acid, salicylic acid,
and dimethyl sulfoxide, to generate stable compounds which are then detected via liquid
chromatography, often coupled with mass spectrometry [39].

Indirect methods are applied for measurement of ROS in cells and consist in quantifying
antioxidant molecules representing the cellular defense capacity against ROS, such as
vitamin A or glutathione peroxidase enzyme, or measuring specific compounds that results
from ROS-induced damage to proteins, lipids and DNA, including protein carbonyls,
malondialdehyde and thymidine glycol [46].

For the measurement of oxygen free radicals, Electron Spin Resonance (ESR), also known as
Electron Paramagnetic Resonance, is often used. This technique detects the resonance
absorption of microwave radiation by unpaired electrons, promoting transitions between
different spin states, in the presence of a static magnetic field [47]. Given that most kinds of
oxygen radicals are short-lived, ESR frequently relies on the used spin traps that stabilize
radicals either by incorporating them into their structures or by being oxidized to form more
stable radicals with half-lives of several hours. Examples of the first group are the nitrone
compound 5,5-dimethyl-1-pyrroline N-oxide and its structural analogues, whereas cyclic
hydroxylamines, like 1-hydroxy-3-carboxy-pyrrolidine, belong to the second type of
traps [39].

Any of the above techniques could be employed to determine ROS levels, but the choice of specific

methods is clearly dictated by experimental requirements, which necessitate a careful evaluation of

the pros and cons of each approach [39]. For instance, fluorogenic probe molecules offer the benefit

of being extremely easy to use, allowing for product quantification through a straightforward

calibration procedure. However, they often suffer from photobleaching and typically need to be used
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in high concentrations. Chemiluminescence-based methods, despite the advantage of not requiring an
excitation source and be applicable in different environments, involve several steps-reaction and
unstable probe radical intermediates. Although benefiting from simple protocols and low cost,
spectrophotometric techniques have a low sensitivity and high detection limits. The use of
electrochemical biosensors, while offering the capability of performing also in vivo ROS detection,
presents drawbacks related to the immobilization of the biomolecules onto the microelectrodes
surface, that is critical for the long-term stability of the devices. Chromatographic techniques, rapid
and sensitive, still present shortcomings due to their reliance on complex reaction processes and
products, as well as demanding sample preparation procedures needed. On the one hand, indirect
methods measure ROS concentrations while providing biological feedback on their action. On the
other hand, they necessitate a precise understanding of cellular mechanisms and of the molecules
involved in the cellular response to oxidative stress. Finally, ESR is quantitative accurate and allows
collection of precise information, enabling to distinguish among the different kinds of radicals, but

difficult spectra interpretation and technique costliness are an issue [39,48].

In addition to the possibilities listed previously, ROS determination can be accomplished through a
further technique, ie., nanodiamonds-based Ti-relaxometry. Developed quite recently,
Ti-relaxometry is a method for ROS radicals measurement which makes use of
Nitrogen-Vacancy (NV) centers, specific crystal lattice defects in diamond, changing their fluorescent
properties based on their magnetic environment. Being sensitive to the electron spin of free radicals,
generating spin-noise, NV centers allow conversion of magnetic signals into optical ones, thus
dramatically increasing redout sensitivity [38]. Ti-relaxometry, although limited to radicals detection,
is particularly promising due to its wide applicability [49-52], the absence of photobleaching of NV
centers, and the possibility to measure in real-time the total amount of free radicals generated while
simultaneously localizing their production [38]. Further details about nanodiamonds-based

Ti-relaxometry will be discussed in sub-section 1.3.5.

Molecule Half-Life (at 37 °C)
Free radicals  O,~ 107°%s

OH" 1077

ROO 75

RO’ 107°s
Nonradicals '0, 107°s

H>0, chemically stable

Figure 5-Approximate half-lives at 37 °C of some ROS [43].
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1.2 Diamond

As nanodiamonds are diamond crystals with nanometric dimensions, they share many of the
properties of diamond itself, including its inertness and biocompatibility. Similarly to the bulk
material, ND exhibit peculiar electronic properties when their surface is modified with specific
terminations and can host Nitrogen-Vacancy color centers, with the former aspect being linked to
their use in enhancing ROS production for radiosensitization, while the latter allowing for the
implementation of Ti-relaxometry. The following sub-sections will therefore provide a general
outline of diamond features, including a detailed examination of the effect of surface terminations on
electronic emission and electrical conductivity, as well as a discussion of the characteristics of

Nitrogen-Vacancy color centers.

1.2.1 Structure, properties, synthesis, and classification of diamond

With its name derived from the Greek adapoc (adamas), meaning “unbreakable”, diamond is a
material consisting of atoms of carbon, element belonging to the fourth column of the periodic table
with a ground-state electron configuration 1s> 2s> 2p?. Carbon exhibits a remarkable range of
allotropes, including naturally occurring materials (such as amorphous carbon, graphite, and
diamond), as well as synthetic ones (like carbon nanotubes, graphene, and fullerenes). Its allotropic
forms differ significantly in their atomic bonding, based on the different atomic hybrid configurations
adopted by carbon atoms, resulting in distinct material structure and properties. In diamond, each
carbon is characterized by sp® hybridization of atomic orbitals, allowing the formation of strong ¢
bonds with four adjacent atoms, giving rise to a tetrahedral structure with angles of 109°28'. In
contrast, graphite features sp®> hybridization of carbon atoms. These arrange themselves into
six-membered hexagonal rings, forming layers, each referred to as graphene, which loosely stack on

top of one another thanks to weak Van der Waals bonds [53].

Given the positive standard Gibbs free energy change for the conversion of graphite to diamond
(AG° =29 kJ mol* at 298.15 K and 1.013 x 10° Pa) [54], diamond is thermodynamically unstable
with respect to graphite, making the reaction Cgraphite — Cdiamond favored in the reverse direction.
However, as illustrated in the carbon phase diagram, diamond exists as a metastable phase at ambient
temperature and atmospheric pressure, remaining kinetically stable due to the extremely slow

conversion to graphite under ordinary conditions [53].
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The highly isotropic crystal structure of diamond is based on a face-centered cubic (FCC) lattice with
a diatomic basis where atoms occupy the positions (0, 0, 0) and (¥4, %4, %) in the cubic cell, belonging
to Fd3m space group cell, and lattice constant of 0.357 nm. Such arrangement gives diamond an
atomic density of 1.77 x 10* atoms cm, that is the highest of any known material and results in an

exceptionally high gravimetric density of 3.52 g cm™.

Covalent bonds between carbon atoms in diamond have a short bond length of 0.154 nm and a high
bond energy of 711 kJ mol™ (equivalent to 7.37 eV per atom), which form the basis of the material
exceptional mechanical and chemical properties [53]. The former include extreme hardness, rated 10
on the Mohs scale [56], the greatest among natural materials, and remarkable stiffness, with a Young's
modulus of 1220 GPa [53]. The latter encompass instead high chemical inertness and
biocompatibility, which render diamond particularly suitable for applications involving biological
systems [57]. Additionally, diamond display excellent thermal properties, featuring both an extremely
low linear thermal expansion coefficient (0.8 x 10°K™) and an exceptionally high thermal
conductivity of 2200 Wm™ K™, that results from its reduced phonon density at ordinary
temperatures, minimizing the likelihood of lattice vibrations interacting [53]. On the other hand, from
the viewpoint of optical properties, diamond possess a large refractive index, with an average value
of 2.42 across the visible spectrum, determining its brilliant sparkle and widespread use in jewelry,
and, in absence of impurities, it exhibits transparency over a wide range of wavelengths, spanning
from ultraviolet to far-infrared. Moreover, with its wide indirect band gap of 5.49 eV, diamond can
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host a significant number of defects that alter its optical properties, particularly the so-called color
centers. Over 500 different types of these centers are known, mainly created through ion irradiation
processes [58]. Finally, diamond also stands out for its electrical properties, being one of the best
electrical insulating materials when dopants and specific surface terminations are not present. Its

resistivity is equal to 10 Q cm [53].
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Figure 7-A) Diamond structure [59]. B) Properties of diamond compared with other materials.

The outstanding properties of diamond, which are compared with those of other materials in Figure
7B, make it highly attractive for a wide range of applications. These, spanning from its use as an
abrasive or heat sink to its utilization in quantum computing or biosensors, prompted the development
of various methods to artificially synthesize it [53]. Natural diamond indeed, due to its rarity, high
cost, and variable characteristics, is impractical for commercial and scientific uses. A popular
approach for diamond synthesis is High Pressure High Temperature (HPHT) technique, in which
graphite is heated to average temperatures ranging from 2000 K to 3000 K, under pressures of
approximately 10 GPa. Such method effectively replicates natural diamonds formation process, as
under such extreme conditions diamond becomes thermodynamically favored with respect to
graphite [60]. Another widespread synthetic process is Low Pressure Low Temperature technique,

commonly known as Chemical Vapor Deposition (CVD), that instead synthesize diamond employing
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reduced temperature of about 900 °C and 10 Pa pressure, starting from a mixture of hydrogen with a
gaseous carbon-containing precursor, e.g., methane or ethylene, and a substate material. The gases
are introduced into an evacuated chamber where they undergo partial dissociation, through the use of
microwaves, sparks, or a heating filament, generating methyl radicals (CH3") that deposit onto the
substate, allowing diamond growth thanks to the removal of surface hydrogen atoms and the addition
of further CH3" radicals. CVD synthesis is particularly advantageous because it enables precise
control over the introduction of impurities through the addition of other gases, such as nitrogen and

boron, to the reaction mixture [60].

Although diamond can contain several types of impurities, nitrogen and boron atoms are the most
common, as these elements are carbon neighbors in the periodic table. On the basis of their
concentration and material visible absorption spectrum, diamond can be divided into four types.

Specifically:

e Type la contains up to 1000 ppm of nitrogen, present in aggregated form, and shows strong
optical absorption below 300 nm, giving it a colorless appearance. Accounting for the 98% of
natural diamonds, it is generally employed in jewelry or in applications requiring high
hardness.

e Type Ib is characterized by nitrogen concentrations of up to 500 ppm, as structurally isolated
atoms. This group, which typically includes HPHT synthetic diamonds, has an absorption
window at longer wavelengths, i.e., around 400 nm, resulting into a yellowish color.

e Type Ila features a nitrogen concentration lower than 10 ppm and is optically transparent,
exhibiting a transmittance that ranges from 225 nm to 2000 nm. Such category encompasses
most of the diamonds produced by CVD technique, while including only the 2% of natural
diamonds.

e Type IIb has less nitrogen than Type Ila, with boron impurities becoming crucial, leading to

p-type semiconductor characteristics [53].

1.2.2 Diamond surface: oxygen and hydrogen terminations

The most important surfaces in diamond are the (1 1 1) and (1 0 0) surfaces (Figures 8A and 8B),
both of which are characterized by dangling bonds [61]. Specifically, the (1 1 1) surface features one
dangling bond per surface atom, while the (1 0 0) surface shows two of them per surface atom. These
unsaturated bonds can promote surface reconstruction, leading to the formation of n-bonded chains
in the case of the (1 1 1) surface and carbon dimers for the (1 0 0) surface [62]. Alternatively, dangling
bonds can be saturated by heteroatoms, among which hydrogen and oxygen are the most common

ones. The presence of hydrogen on the diamond surface is often the result of synthesis conditions
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(e.g., CVD process) [61], whereas oxygen terminations are typically obtained upon acid purification
treatments or exposure to oxygen plasma [63]. As shown in Figures 8C and 8D, hydrogen, saturating
just one dangling bond per carbon atom, stabilizes the reconstructed (1 0 0) surface, while oxygen, as
a divalent atom, saturates two dangling bonds at the same time and, according to the proposed models,
can bind to (1 0 0) surface adopting the ketone configuration (top-site model with one oxygen double
bonded to each surface carbon atom) or through a bridge bonding structure (bridge-site model where

oxygen atoms connect adjacent surface carbon atoms) [62].
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The ideal surface structure and the reconstructed surface are displayed for both cases in the upper and bottom part of the
figures respectively. C) (1 0 0) diamond surface with hydrogen terminations. D) (1 0 0) diamond surface with oxygen

terminations, displaying the various oxygen bonding configurations (I: bridge bonding, I: ketone bonding).

Diamond surface structure deserves special attention, as it plays a crucial role in determining the
properties of the material. Specifically, hydrogen terminations attract particular interest, providing
diamond with negative electron affinity. Defined as the energy difference between the vacuum level
(Evac) and the conduction band minimum (E.), electron affinity is indeed equal to —1.3 eV in
hydrogenated diamond [64]. Such value can be explained following a simple electrostatic model,

considering that heteropolar bonds between carbon and surface-terminating atoms carry a dipole
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moment with sign and magnitude depending on the difference in electronegativity between the
bonded atoms. Let p represent the component of the dipole moment of a bond terminating the surface
that is oriented perpendicular to it and consider this positive with positive partial charge pulled
towards the vacuum side and negative partial charge pulled towards diamond side. A layer of these
dipoles with areal density n generates an electrostatic potential step perpendicular to the surface
across a distance in the order of the surface bonds length, which originates a proportional change in
electron affinity (4y) given by the following expression (Eq.20), where e and &, are respectively the

elementary charge and the vacuum permeability [61].

—epn
Ay = —edV = P

Eq.20
&o 4

C-H bond is polarized with a positive partial charge 6+ on the hydrogen atom, given that the
electronegativity of hydrogen (Xzy=2.20 on Pauling’s scale) is lower than that of carbon
(Xc=2.50) [65], and hence the dipole moment component of the C-H bonds perpendicular to the
surface is positive (for the (1 0 0) surface, p = 0.08 eA), thus y is decreased till becoming
negative [61]. Conversely, due to the large electronegativity of oxygen (Xo = 3.44), in the case of

oxygen terminations p is negative, thus yielding positive electron affinity with a value of +1.7 eV.

As aresult of the negative electron affinity (NEA), hydrogen-terminated diamond displays an intense
electron emission of conduction band electrons into vacuum under irradiation. This fingerprint feature

can be for instance observed in scanning electron micrographs or photoelectron yield spectra [66].
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Figure 9- Illustration of the changes in electron affinity and ionization energy of diamond surfaces due to hydrogen and

oxygen terminations, along with band diagrams for both clean and fully H/O-terminated diamond surfaces [61].

28



Additionally, hydrogen surface terminations impact on diamond ionization energy, defined as the
difference between E,. and the top of the valence band (E,), lowering it to 4.2 eV. This implies that
electrons can be transferred from £, to physisorbed surface adsorbates, particularly water, if their
electron affinity surpasses/comes close to this value. The electron exchange results in the formation
of a sub-surface hole accumulation layer, leading to considerably high surface electrical
conductivity [61]. First reported by Maier et al. in 2000, the phenomenon has been interpreted in the
framework of an electrochemical surface transfer doping model, schematically shown in
Figure 10A [67]. This assumes that the thin water layer formed over diamond surface upon
atmosphere exposure acts as an electron acceptor system, thus leaving holes as mobile charge carriers.
Electron transfer, producing the reduction of hydroxonium ion to H> and H>O (Eq.21), is driven by
the difference between the chemical potential of diamond (i.e., the Fermi level, Er) and that of

electrons in the liquid phase, continuing as long as | lies below Er.
2H30"+2¢ < 2 H,0+ Ho Eq.21

The space charge due to the compensating holes in the diamond indeed drives surface band bending,
raising u until equilibrium is reached, when y. and Er are equal at the interface. According to Nernst’s
equation, the equilibrium value of z. relative to the vacuum level, considered as the common reference

for the solid and the adsorbed water layer aqueous, can be expressed as:

Eq.22

He = o = 5 I\, 1 B Tons

kT <([H30+]/[H30+]SHE)2>
2

where [H30"], [H2], [H3O"|sue and [Ha]sue are respectively the hydroxonium ions and hydrogen
concentrations in the system and under standard hydrogen electrode (SHE) conditions and
1o =4.44 eV represents the SHE chemical potential for electrons. As [H2] can be replaced by H»
partial pressure (py,) and [H30] by the pH value of the aqueous layer, the previous equation at room

temperature can be rewritten as:

0.058 eV

_ PH,
Ue = 444 €V — — (2 pH + log (%» Eq.23

At the interface, since the concentration of dissolved hydrogen is in the ppm range, hydrogen partial
pressure can be taken as py, = 10~ mbar, whereas water pH value is around 6 because of the air
content of COz in standard atmospheric conditions. Therefore, the chemical potential u. of an aqueous
wetting layer can be calculated as pe. = uo + 0.18 eV =—4.26 eV and, considering y = — 1.3 eV, the

pinning position of Er is approximately 50 meV below Ev at the water/diamond interface (inset of
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Figure 10B). The surface holes on the diamond are neutralized by anions (HCO;") that remain

unbalanced after the reduction of H:O" ions [67].
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Figure 10-A) Scheme of the surface doping originating from the interaction of hydrogen terminations with water, giving
rise surface conductivity. The transfer of electrons from diamond to hydroxonium ion in the adsorbed water layer leaves
holes and uncompensated anions on the surface behind. This space-charge separation results in holes confinement to the
surface by an upward band bending potential [61,67]. B) Band edges energies with respect to the vacuum level of various
semiconductors, hydrogen-free diamond and hydrogenated diamond. The inset displays the modification of the chemical

potential x. relative to uo as a function of hydrogen partial pressure and pH value [67].

Maier et al. showed that the high surface conductance of hydrogenated diamond films, with values
between 106 Q1 - 10* Q!, was lost upon samples oxidation, as this dropped to below 1071% Q1.
Moreover, they reported that the conductance of hydrogenated samples annealed in ultra-high vacuum
decreased till below 10! Q! rising again after air exposure to air, because of the removal of water
and its subsequent re-adsorption. They hence demonstrated that hydrogenated surface is a
requirement for observing high surface electrical conductivity in diamond, but that such condition

alone is not sufficient, as the presence of atmospheric adsorbates is also essential [67].

Another notable characteristic of the hydrogenated diamond surface is its hydrophobic nature, in
contrast to the oxidized surface, which exhibits significant hydrophilicity. This was for example

demonstrated by Ostrovskaya et al., who examined the water wettability of CVD diamond films
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through contact angle measurements, finding a water contact angle of 93° for hydrogenated samples
and 32° for oxidized ones. The increased hydrophobicity resulting from hydrogen terminations was
attributed to weaker surface interactions with water molecules, produced by the smaller dipole
moment of the C-H heteropolar bond with respect to that of the C-O bond [68]. These results were
corroborated by Seshan et al. [66] and Kaibara et al. [69]. The latter group also conducted adhesion
force measurements using Atomic Force Microscopy with gold-coated hydrophobic tips and
hydrophilic tips constituted by silicon with native oxide. With the former tips, a stronger adhesion
force was recorded on the hydrogenated surface, while the hydrophilic tip measured greater adhesion

on the O-terminated surface [69].

1.2.3 Nitrogen-Vacancy center in diamond

Diamond can host various types of lattice point defects, such as vacancies and interstitial or
substitutional atoms. These introduce into the energy gap additional electronic levels, which can be
close to the valence and/or conduction bands, thus giving rise to semiconductor behavior, or deep,
resulting in localized electronic states, among which transitions of electrons upon photoexcitation
occur [53]. When electrons return to the ground state by emitting a photon at longer wavelength with
respect to that of the excitation, the photoluminescence phenomenon known as fluorescence takes
place. If emission concerns light in the visible spectral range, the defects are known as color
centers [70]. Naturally present in diamond or introduced on-purpose by exploiting ion beams [71],
color centers encompass a wide variety of defects, typically in the form of vacancies (V) adjacent to
an impurity, including thin-vacancy (SnV) [72], magnesium-vacancy (MgV) [73] and silicon-vacancy
(SiV) centers [74], and captured interest for applications in fluorescence imaging, as well as in

quantum computing and sensing [75].

Among color centers, Nitrogen-Vacancy (NV) center is undoubtedly the most remarkable one. This
defect, having C3, symmetry, is composed by a substitutional nitrogen atom positioned next to a
vacant site (Figure 11A) and can occur in two identified charge states, neutral (NV®) and negative
(NV"). The former is a system comprising 5 electrons, where two come from the nitrogen atom and
three from the dangling bonds of carbon, and has a spin S = 2 of the ground state, while the NV~
center has six electrons, with the extra electron being trapped by the vacancy, and exhibit a
ground-state spin S = 1 [76]. Fluorescence spectrum of NV®and NV~ centers (Figure 11B), observable
upon 532 nm wavelength (green) laser excitation, is characterized by a narrow feature known as the
zero-phonon line (ZPL), which arises from purely electronic transitions, and a broad band named
phonon sideband, originating by the coupling of electronic transitions with lattice vibrations

(phonons). The ZPL appears at 575 nm (2.156 eV) for the NV° center and at 638 nm (1.945 eV) for
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the NV center, whereas the phonon sideband is visible in the 600 nm - 750 nm and 650 nm - 750 nm

spectral range in the former and in the latter case respectively [77].
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Figure 11-A) Structure of the NV center in the diamond lattice [78]. B) Photoluminescence spectra of NV- and NV°
centers under 532 nm of laser excitation (the symbol (*) indicates the zero-phonon lines) [78]. C) NV centers electronic
structure [79].

The formation of the two types of NV centers is influenced by nitrogen concentration and surface
terminations, as these impact on the position of the Fermi level. With respect to diamond valence
band, the ground state of the NV center is at a higher energy by 1.2 eV, that of the NV~ center is at
2 eV, and, when the nitrogen concentration is low, the Fermi level lies at 2.75 eV. As seen in
sub-section 1.2.2, hydrogen terminations lead to the formation of a sub-surface hole accumulation
layer with upward band bending. This phenomenon makes the Fermi level be positioned below the
ground state energy level of NV~ centers, thereby favoring NV? states. On the other hand, increasing
the concentration of nitrogen, the Fermi level rises toward the conduction band, as the impurity acts
as electron donor, resulting in a higher population of the level associated with NV~ centers. The effect
of oxygen terminations is opposite to that of hydrogen, causing downward band bending, thus
creating a condition that enhances the likelihood of NV~ states. The influence of surface terminations

is calculated to extend up to about 20 nm in depth [77,80].
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Figure 12-Band structure of diamond containing NV centers in different cases [80]: A) hydrogen terminations and low
nitrogen concentration (x and y represent the depth); B) hydrogen termination and high nitrogen concentration; C) oxygen

terminations.

Between the two kinds of NV centers, NV~ center is generally considered more interesting from the
applicative point of view, due to its peculiar electronic structure (reported in detail in Figure 13). This
consists of a ground state *A; and an excited state ’E, which are spin triplets, and two metastable
states 'A and 'E, that are instead spin singlets. Both A, and E feature two ms = 1 sublevels, which
are degenerate in the absence of a magnetic field and more energetic than the ms =0 one, with
zero-field splitting (ZFS) values of 2.87 GHz and 1.42 GHz in the ground and excited states
respectively. Due to the small ZFS, the population of the different magnetic sub-levels is almost the
same at room temperature, thus electrons in the ground state are in a mix of ms =0 and ms = + 1
states. As illustrated in Figure 13, a laser pulse with energy greater than 1.945 eV (e.g., a green laser)
can promote electronic transitions from *As to excited states well above °E. From there, electrons
quickly relax down to the °E via non-radiative transitions, typically without changing their spin state,
and then they return to 3A,. Depending on the value of ms, this process can occur through different
pathways. Generally, electrons with ms = 0 transit directly from °E to *A», thus giving rise to
photoluminescence emission. Conversely, if ms = =1, electrons often (with about 45% probability)
undergo intersystem crossing with spin change to ms = 0, decaying non-radiatively from ’E to the 'A
state, then from 'A to 'E emitting a photon in the infrared spectral region (at 1043 nm wavelength),

and finally from 'E to *A; again in a non-radiative manner [77,81,82].

An implication of the set of phenomena described above is that electrons with ms = +1 give rise to a
dimmer photoluminescence compared to those with ms = 0. Additionally, this sets the possibility to
realize spin polarization through optical pumping, namely induce the conversion from the “darker”
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ms = =1 states to the “brighter” ms= 0 by keeping on the excitation laser for a sufficient long time. If
the laser is switched off, electrons are allowed to decay to the thermal equilibrium situation [83]. The
return to a mixture of ms = 0 and ms = £1 states is marked by a decrease of photoluminescence over
time occurring with a characteristic time that is the spin-lattice relaxation lifetime T; (or longitudinal
relaxation lifetime) [38,84]. T in diamond is in the order few milliseconds at room temperature [85],
but it can be shortened in presence of spin noise in the environment surrounding the NV~ center. As
it will be outlined in sub-section 1.3.5, this property constitutes the foundation of

nanodiamonds-based Ti-relaxometry technique, enabling oxygen free radicals measurement [38].
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Figure 13-Fine structure of the NV~ center [86].

1.3 Nanodiamonds (ND)

The upcoming sub-sections will illustrate key aspects of ND, focusing on their structure, production
techniques, properties and surface modification methods, highlighting their impact on ND features.
Finally, the application of ND in radiosensitization and ND-based sensing of oxygen free radicals will

be addressed.

1.3.1 ND structure, synthesis and properties

ND are diamond nanocrystals with size typically covering the 5 nm - 300 nm range. Characterized
by a peculiar core-shell structure (Figure 14), they are composed by a diamond core, a middle layer
made up of distorted sp> phases and amorphous carbon, and an outer shell constituted by sp® and sp?

carbon atoms whose dangling bonds are terminated by various functionalities [35].
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The dimensions and specific features of ND strongly depend on the method employed for their
synthesis. Currently, a broad set of procedures for synthesizing ND is available [88]. Bottom-up
approaches encompass production from molecular precursors, like adamantanes [89,90] and CVD
synthesis [91], whereas examples of top-down strategies are high-energy ion irradiation of
graphite [92], laser ablation [93], and bulk diamond patterning joined to directional reactive ion
etching [94]. However, the most widely used synthetic techniques, belonging respectively to the
former and the latter group, are detonation synthesis [95,96] and milling of High Pressure High
Temperature (HPHT) microdiamond powders [97].

Detonation ND (DND) are obtained from the controlled explosion of carbon-containing compounds,
such as a mixture of 2,4,6-trinitrotoluene (TNT) and 1,3,5-trinitroperhydro-1,3,5-triazine (hexogen),
taking place in a closed chamber. This process results in the formation of liquid carbon nanodroplets,
which are rapidly converted into diamond nanoparticles through fast cooling with water or ice. DND
commonly exhibit a round or oval shape and have size up to 10 nm, while featuring a considerable
amount of graphitic carbon on their surface and containing several impurities and defects. On the
other hand, fabrication of ND from crushing occurs through bulk diamonds fragmentation via
mechanical ball milling, bead-assisted sonic disintegration, or utilization of a hydraulic press. These
ND have generally a dimension spanning from 20 nm - 30 nm to several hundreds of nm and are
sharp faced. In comparison to those produced from detonation, they bear a lower quantity of sp?

carbon and impurities [88,98].

Due to their unique physical and chemical properties inherited from diamond, ND are studied in
several research areas, including tribology [99-101], composites [102-104], energy

technologies [105—107], catalysis [108—111], and photonics [112—114]. Moreover, ND are also highly
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valued in biomedicine [88,115]. A key feature of ND for applications in this field is their high
surface-to-volume ratio, which makes their properties highly sensitive to surface

modifications [116,117].

One way to alter the surface of ND is through the tuning of their surface terminations via
post-synthetic procedures such as wet chemistry processes [35,118,119], exposure to microwave
plasma [120,121], ball milling [122], or high-temperature thermal treatments in controlled
atmosphere [117,123,124] (detailed in sub-section 1.3.2). As will be discussed later, tailoring the
surface terminations of ND is crucial for obtaining particles that can effectively enhance the

production of radiation-generated ROS, allowing their use in radiosensitization.

ND surface can also be modified through surface functionalization, which involves the attachment of
molecules via covalent or non-covalent bonds with surface terminations. Functionalization is often
employed to give ND active targeting capabilities by linking moieties acting as ligands that bind to
overexpressed receptors on cancer cells [125]. This enhances EPR effect and can be exploited for the
selective delivery of drugs (i.e., drug delivery) or for imaging purposes. Indeed, ND can be used for
the visualization of tumor cells, owing to their intrinsic photoluminescence properties derived from
lattice defects, particularly NV centers [126-128]. Being characterized by intense and stable
fluorescence emission, they set ND apart from organic fluorophores, which are generally prone to

photobleaching and quenching, and render them ideal fluorescent cellular biomarkers [129-131].

In addition to vascular endothelial growth factor [132], folic acid [133], transferrin [134],
antibodies [135,136], and mannose [137], one of the most relevant targeting agents that can decorate
the surface of ND is hyaluronic acid (HA). This naturally occurring polysaccharide is known for its
high biocompatibility and biodegradability, and it is recognized by CD44 receptors [138,139], which
are overexpressed on the surface of several tumor cells, including those of the liver, prostate, and
breast [140,141]. HA can also improve the colloidal stability of nanoparticles due to its high
hydrophilicity, preventing their aggregation in aqueous media and enabling their effective
applicability in the water-rich cellular environment [142,143]. Although research on
HA-functionalized ND is still limited, their favorable properties have already been demonstrated in
some studies. For instance, Yun et al. and Han et al. showed biocompatibility, safety, and selectivity
of ND covalently derivatized with HA, highlighting their potential in photodynamic and photothermal
cancer therapy [144], and in liver-targeted imaging [145], respectively. On the other hand, Cui et al.
investigated HA-decorated ND as theranostic platforms for the treatment of triple-negative breast
cancer, displaying that the developed nano-systems exhibited uniform dimensions, excellent
hydrodynamic properties, high biocompatibility, and predominant localization in tumor cells. They
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also revealed that HA can be non-covalently attached to ND, linking it to the particles via charge
complexation with a protamine sulfate layer [146,147]. Chernysheva et al. similarly demonstrated
that the adsorption of miramistin on ND enhances HA adsorption, thus further opening the pathway
to simple non-covalent derivatization approaches for the development of HA-functionalized

ND [148].

Another noteworthy feature of ND in the biomedical sector is the possibility of using them as
sensors [149,150], particularly thanks to the spin-dependent fluorescence properties of the NV~
centers [151-153]. Specifically, these can be exploited for sensing oxygen free radicals in the
surroundings of ND through Ti-relaxometry [38]. Based on detecting the changes in T time induced
by paramagnetic species, this technique allows local measurements of radicals in real-time and has
been successfully employed to measure free radical generation in various environments, such as
human dendritic cells [154], cancer cells [49], umbilical vein endothelial cells [155], and sperm

cells [50].

1.3.2 Thermal treatments on ND and surface terminations

The surface of post-synthesis ND is characterized by the presence of miscellaneous functional groups,
with the main ones being oxygen-containing species such as carboxyls, carbonyls, acid anhydrides,
ethers, and alcohol functions. Achieving uniformity in surface chemistry is essential to obtain
particles with well-defined characteristics. Properties such as ND interaction with water, which is an
essential feature to consider when dealing with biological systems, as well as NV centers
photoluminescence emission, or particle electronic properties are indeed greatly affected by surface
terminations. Additionally, making ND surface moieties homogeneous can serve as an intermediate
step to prepare ND for functionalization, increasing the number of binding sites for the attachment of

the desired molecules [117,156].

Various thermal treatments in controlled atmosphere can be used to modify the surface of ND, thus

accomplishing the described goals.

e Annealing treatments: they are conducted in inert environment, such as under nitrogen/argon
flow or in vacuum at temperatures around 800 °C [157]. Often the first stage for further
processing, these procedures graphitize ND surface amorphous carbon components, without
undermining the diamond core of the particles, concurrently standardizing the surface by
eliminating the originally present functional groups [123,124]. This typically results in a
hydrophobic surface, which can drive ND aggregation in aqueous media [123,158]. Moreover,

annealing processes also have the effect of mobilizing vacancies, allowing them to pair with
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nitrogen atoms throughout the lattice and form new NV centers [71,159,160]. Annealing can
also be performed at high temperatures when exceeding 800 °C. However, high-temperature
annealing treatments can lead to extensive surface graphitization [157] or microstructural

transformation, inducing ND conversion to carbon nano-onions [161-163].

Oxidation treatments: they are carried out in oxidizing atmosphere of air or oxygen at
temperatures ranging from 400 °C to 550 °C [158,164]. They purify ND from graphitic layers,
causing the selective removal of sp? carbon [164,165], thereby reducing the shielding and
quenching effects produced by such phases on the photoluminescence of NV centers in the
particle core [166]. Concurrently, oxidation treatments promote the formation of
oxygen-containing functionalities, that render ND hydrophilic and consequently prone to
disperse in water-based solutions [123,158,167]. When the oxidation processes are more
aggressive, i.e., when conducted at higher temperatures or/and for longer durations, generally
oxygenated moieties tend to form in greater number [124,168]. The purified surface obtained
upon ND oxidation can be the starting point for additional treatments, such as hydrogenation

processes [117].

Hydrogenation treatments: they are performed by heating ND in reducing atmosphere of
hydrogen gas at temperatures greater than 600 °C [169]. They create surface hydrogen
terminations and etch non-diamond carbon, while simultaneously eliminating surface
oxygen-containing functionalities, thereby increasing surface hydrophobicity [124,170-172].
The presence of hydrogen terminations also modifies ND band structure, giving the particles
properties analogous to those of the hydrogenated bulk diamond. These include high surface
electrical conductivity (sub-section 1.3.3) and the capability of an intense electronic emission
under irradiation, the latter enabling their application as radiosensitizers (sub-section 1.3.4).
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Figure 15-Examples of thermal treatments scheme for modifying ND surface.
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1.3.3 Effect of surface terminations on ND electrical properties

The surface modifications induced by thermal treatments have a significant influence on the electrical
properties of ND [123,169,173—179]. Understanding the connection of such properties with surface
characteristics is crucial for determining whether the surface chemistry of ND can be identified
through their electrical characterization, as different surface terminations seem to be linked to distinct
electrical conduction mechanisms. Moreover, this relationship can provide valuable insights into the

behavior of ND in a wide range of applicative contexts.

The link between ND surface structure and electrical properties represents a complex issue which has
been investigated from different perspectives in literature. Some research evidenced the increase in
electrical conductivity induced by the formation of surface graphite. Kuznetsov et al., for instance,
investigated the resistivity of vacuum-annealed detonation ND by conducting four-point probe
measurements, finding that ND became highly conductive when subjected to annealing at
temperatures larger than 1100 K, as surface graphitization occurred upon this process [173]. Similar
findings emerged from impedance spectroscopy measurements by Jackman’s group [174,175]. They
examined detonation ND, both in form of aggregates and individual particles, heated at different
temperatures, reporting a loss of dielectric character when exceeding a specific threshold, i.e., 350 °C
and 400 °C for individual and aggregated ND respectively, suggesting the onset of a partial
graphitization dynamics [174,175]. Cermak et al. also studied the link between ND electrical
properties and graphitic phases formation. Employing atomic force microscopy (AFM), they
measured local electrical conductivity of HPHT ND after thermal or plasma treatments, connecting

its enhancement to a higher concentration of sp? bonds with respect to the as-received ND [176].

On the other hand, other works focused on electrical conductivity of ND following their
hydrogenation. As discussed in sub-section 1.2.2, it is well established that surface hydrogenation of
bulk diamond makes material electron affinity negative and thus determines a substantial p-type
surface electrical conductivity, due to the formation of sub-surface holes resulting from the transfer
of electrons to surface adsorbed water [67]. In recent years, a mechanism analogous to the one
occurring in diamond was proposed for hydrogen-terminated diamond nanoparticles, linking it to
enhanced electrical conductivity. This was first suggested by Kondo et al., who observed that upon
thermal hydrogenation in the 600 °C - 900 °C temperature range the resistivity of detonation ND
reduced from 107 Q cm to 10° Q cm, attributing the phenomenon to the transfer doping model [169].
The effectiveness of hydrogenation was confirmed via Fourier transform infrared and X-ray
photoelectron spectroscopies, whereas a possible role of sp? phases was ruled out based on the

reduction of the sp?/sp® carbon ratio at increasing temperature of the hydrogenation process [169].
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These results were validated by an impedance spectroscopy characterization by Welch et al., who
studied hydrogen-terminated ND both in air and in vacuum [177]. They revealed that the low
impedance response was three orders-of-magnitude lower for hydrogenated ND compared to
untreated ND in air environment, while registering an extremely high impedance when the
hydrogenated samples were tested in vacuum. Such findings supported the interpretation of
hydrogenation process inducing surface transfer doping in the nanoparticles, as the effect should not
be seen in vacuum conditions, because of the removal of adsorbates from the surface [177]. The
relatively high conductivity of hydrogenated ND was also demonstrated by the previously mentioned
AFM analyses by Cermak et al. [176]. Given the effectiveness of the employed hydrogenation
treatment in establishing hydrogen terminations on ND and the absence of amorphous or graphitic
carbon, they suggested that the increased conductivity of their particles should be originated

exclusively by surface transfer doping mechanism [176].

In addition to graphite and hydrogen terminations, also the presence of water adsorbed on the surface
has been shown to affect the electrical properties of ND. Surface adsorbed water indeed generates
hydroxonium ions (H30"), thus allowing electrical conduction to take place via charge transport due
to Grotthuss mechanism, i.e., proton hopping [123,178]. This involves a chain process where covalent
and hydrogen bonds are sequentially broken and reformed, enabling the transfer of a proton from an
H30" ion to a neighboring water molecule, which in turn forms a new H3O" ion, thus initiating another

proton hop to the next water molecule, according to the reaction below (Eq.24) :
H,O"+ H30" — H;0" + H,0 Eq.24

The impact of surface-adsorbed water on ND conductivity was demonstrated by
Pifia-Salazar et al. [178]. They observed significant differences in the electrical conductivity of
untreated detonation nanodiamonds when exposed to humid air compared to after thermal process in
vacuum, highlighting that in the former case ND conductivity rose as the amount of adsorbed water
increased, whereas in the latter situation it dropped by two orders of magnitude, as a result of the
elimination of the adsorbed water molecules [178]. Another evidence was provided by
Denisov etal. [179]. They measured the conductivity of chlorinated and untreated
detonation-synthesis ND pellets at varying water vapor relative pressure (p/ps), revealing that in the
0% < p/ps < 98% range this increased by five to six orders of magnitude, owing to water adsorption.
Denisov et al. strongly emphasized the influence of oxygen-containing surface functional groups on
the amount of adsorbed water and on electrical conduction, stressing the fact that a higher
concentration of oxygenated moieties was connected to increased water adsorption capacity and,

consequently, higher electrical conductivity [179]. Oxygenated groups, being highly hydrophilic due
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to their ability to easily form hydrogen bonds with water, indeed promote water adsorption on the
surface of ND, thereby enhancing the effect of the Grotthuss mechanism on particles electrical
conductivity. This was further highlighted in the context of a study carried out in the Solid State
Physics group of the University of Torino, examining the effects of reducing and oxidizing thermal
processes on ND interaction with water [123]. In such work, differently sized milled and detonation
ND were characterized by combining current-voltage characteristics measurements and various
spectroscopic techniques. The results demonstrated that both untreated ND and the ones subjected to
thermal oxidation processes in air were generally more conductive than those heated in inert
atmosphere, consistently with the higher hydrophilicity of the formers, due to more numerous

oxygen-containing terminations on the surface [123].

The above-listed body of studies prompt further investigations into the effect of surface treatment on
the electrical properties of ND. Despite the findings examined, there is the lack of works where the
electrical properties of ND are systematically correlated with different surface terminations in a
comprehensive manner, considering the existence of multiple factors that influence electrical

conductivity. Part of the doctoral work was therefore devoted to filling this gap.

1.3.4 ND as radiosensitizers

Like their bulk counterpart, ND with surface hydrogen terminations are characterized not only by
high electrical conductivity, but also by an intense electronic emission under irradiation. This property
has been ascribed once more to negative electron affinity and it has been shown to enhance the
production of ROS induced by ionizing radiation, thus becoming relevant in the framework of

radiosensitizers [36,37,172,180].

Experimental evidence includes investigations by Arnault's group. In one of their works, they
reported increased cell death in both Caki-1 kidney human cancer cell line and ZR-75-1 human
mammary carcinoma cells following co-exposure to hydrogenated ND and 4 Gy of y-photons at
662 keV and correlated the observed effects with higher intra-cellular ROS levels measured at 1 hour
and 24 hours post-irradiation [36]. Similarly, in other studies they demonstrated an increase in ‘OH
generation when hydrogenated ND were present during the irradiation of aqueous solutions with both
X-rays at 17.5 keV [37] and y-rays at 1.3 MeV [180] at different doses. Focusing on the measurement
of "OH concentration by using coumarin as fluorescent probe, they registered 40% and 50% higher
radical production in the presence of hydrogenated ND compared to radiation alone, in the former
and latter case respectively [37,180]. Moreover, the potential of hydrogenated ND in intensifying
radiation effects on cancer cells was underlined in a recent work conducted by the Solid State Physics
group of the University of Torino, demonstrating that the combination of these particles with 5 Gy of
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v-photons at 1.3 MeV energy led to a greater reduction in the survival of DAOY human

medulloblastoma cells relative to the sole radiation [172].

Despite these promising findings, further investigations into the applicability of hydrogenated ND as
radiosensitizers are required. In particular, the problem of their pronounced aggregation in aqueous
solutions should be addressed, as it poses a serious obstacle to their use in cells and their possible

future applications in vivo [172].

1.3.5 ND-based Ti-relaxometry

Nanodiamonds-based Ti-relaxometry, also called diamond magnetometry, is a technique for sensing
magnetic fields, based on measuring how magnetic noise modifies the longitudinal spin relaxation
time (T1) of the NV~ center electron spin in ND [38]. Relaxometry was first demonstrated in 2013
when it was proved that T is reduced in presence of paramagnetic ions [84], and since then, it has
been used in various sensing applications, with one of the most widespread being the detection of

ROS radicals and the measurement of their concentration [49—51,154,155,181-184].

T relaxation time in relaxometry is measured by monitoring the fluorescence of NV~ centers using a
setup like the one illustrated in Figure 16. The core of the system is a laser which serves as optical
excitation source, emitting green light at 532 nm and pulsed by an acousto-optic modulator (AOM).
This device operates based on the acousto-optic effect, where acoustic waves, generated by a
piezoelectric transducer, propagate through a crystal, causing periodic variations in its refractive
index and thus creating a diffraction grating that diffracts the incoming laser beam. By modulating
the amplitude of the acoustic waves, the amount of light diffracted into the first order can be
controlled, allowing laser pulses to be generated by switching the electric signal on and off. The
pulsed laser light is directed via a dichroic mirror and focused onto the sample through an objective
lens. The sample, containing ND particles, is positioned on a piezoelectric stage for precise alignment.
The light emerging from the specimen is collected through the objective, directed by the dichroic
mirror to a filter, isolating the red fluorescence emitted by NV~ centers, and then passes through a

pinhole before detection by a Single Photon Avalanche Diode (SPAD) [182,185].
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Figure 16- Schematic of an experimental setup for Ti-relaxometry. Laser light (532 nm emission wavelength) is pulsed
by an AOM and directed through a dichroic mirror into an objective lens, which focuses the excitation light onto the
sample containing ND, placed on a piezoelectric stage. The light emerging from the sample is collected through the
objective and directed through the dichroic mirror. The red fluorescence signal from the NV centers in ND is isolated by

a filter, and, after passing through a pinhole, reaches a SPAD detector.

As seen in sub-section 1.2.2, owing to spin-dependent intersystem-crossing towards intermediate
singlet states, optical pumping of NV~ centers leads to an efficient electron spin polarization into the
ms = 0 sublevel, characterized by stronger photoluminescence with respect to the ms = +1 states. This
enables the measurement of T relaxation time through the scheme shown in Figure 17A, consisting
in a sequence of (n + 1) laser pulses, each lasting Tt (Tr = 5 ps). The pulses are separated by n time
intervals, each referred to as dark time (7), whose duration is exponentially increased (typically from
0.2 ps to 2000 ps) [185]. The first laser pulse initializes the electron spins into the ms = 0 sublevel,
thus maximizing photoluminescence. The pulses delivered after the first dark time instead serve a

dual purpose. The first part of each pulse, indicated as rw in Figure 17A, is used to probe the centers
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spin state, while the second part repumps the centers back into the ms = 0 state. Indeed, during the
dark time intervals the NV~ centers are kept in dark and electron spins can relax toward a mixture of
ms = 0 and ms = =1 states, leading to a decrease in photoluminescence. The fluorescence signal is
measured by the SPAD after each dark time for a time interval corresponding to rw. If more time is
left for spin relaxation, photoluminescence will be weaker and hence the experimental output is a
series of photoluminescence points showing a decreasing trend with increasing t values, like the blue
points displayed in the graph of Figure 17B. In presence of paramagnetic species in the surrounding
of a NV~ defect, electron spin relaxation is faster and the resulting photoluminescence data points will

be characterized by a steeper decrease [52,84], as the red points shown in the graph of Figure 17B.

Considering the relaxation of a single NV~ center, the photoluminescence signal can be written as a

function of T as:
I(1) = Agno(7) + Aq[ny (D) +n_y(7)] Eq.25

where A, and A; < A, represent the photoluminescence rates associated with the spin states ms =0
and ms = =1, respectively. ny4,(7) are instead the spin populations before applying the readout
optical pulse, which are evaluated within the simplified four-level model shown in Figure 17C,
including the ground-states spin sublevels ms = 0,21 and the lowest-lying singlet state, thereafter

referred to as the metastable state. T is defined as the decay time of the population ny, hence:
Ty = (Bko)™! Eq.26

with ky; being the two-way transition rate between ms = 0 and ms = +1. At short time scale, the spin
populations are also affected by relaxation from the metastable state, with a population n,, (t) which

decays towards the ground state spin sublevels according to the following equation:

N () = 1y, (0) e ™ Eq.27

where n,, (0) is the initial population of the metastable state, whereas Ty, is the metastable state decay
time. T, can be expressed through the decay rates from the metastable state to the ms = 0 and ms = +1

states, i.e., k0 and k.,

T = (kmo + 2 ki)™t Eq.28
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Figure 17-A) Laser pulses sequence for T1-relaxometry measurements (adapted from [52] and [38]). The green rectangles

indicate when the laser is on. The pulses, lasting T, are separated by a dark time t, which is systematically increased.

The red rectangles depict the red fluorescence signal emitted by NV- centers in response to the excitation provided by the

laser pulses. The blue rectangles show the time windows (rw) in which photoluminescence is measured. B) Example of

curves obtained in Ti-relaxometry measurements (adapted from [181]). The red curve is characterized by a steeper

decrease compared to the blue one, as it has been recorded in presence of paramagnetic species (Gd®* ions in this case),

shortening T1 time. C) Simplified energy-level structure of the NV- center, used as reference to calculate the expression

of the photoluminescence signal I(z) [84].

Using classical rate equations within this four-level model, the PL signal I(7) can be written as:

(1) =

I(oo) [1 — Cpe

T
Tm +C1€ T_l]

Eq.29

where the constants I(o0), C; and C,, are given by the expressions reported in Eq.30, Eq.31 and
Eq.32 [84].

I(e0) =

o
1= A0+2A1

Ag + 2 44

[370(0) — 1+ n,,(0)]

Eq.30

Eq.31
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Cm = My (0) Eq.32

T\ can be thus extracted from Eq.29 by fitting experimental data. Relaxometry, however, is typically
performed using ensembles of NV~ centers, as this facilitates the detection of the ND, making them
easier to spot even in presence of background fluorescence from the sample. Additionally, measuring
multiple NV centers reduces variability between individual particles [52]. It has been found that the
photoluminescence data concerning ensemble relaxation can be meaningfully fitted by different

exponential models, with the simplest one being the single exponential model [185]:

t
I(t) =cyg+ cpe T Eq.33

It is important to note that, to serve as suitable probes for relaxometry measurements, ND must have
a high density of NV centers within their core. Since native NV defects generally do not produce a
photoluminescence signal intense enough for practical applications, their concentration is typically
increased artificially. In nitrogen-rich particles, such as type Ib ND, this can be accomplished by
introducing additional vacancies into the lattice through irradiation with electrons [186],
neutrons [187], or ions [71]. With regard to ion beam-based methods, a widespread approach involves
irradiating ND with H' ions at energies in the MeV range [168,188]. These create new vacancies by
colliding with the nuclei of carbon atoms, displacing them from their lattice positions. Vacancies are
formed randomly in the ion-irradiated volume and so ND undergo annealing following H" irradiation
to allow the coupling of the newly created defects with nitrogen impurities, which is a
thermodynamically favored process [71,160]. On the other hand, for particles with low nitrogen
content, NV center creation can be achieved through direct irradiation with nitrogen ions, that

simultaneously introduces both heteroatoms and vacancies [71].

1.4 Objectives of the experimental work
The research activity regarded the optimization of ND properties for the applications mentioned in
this introductory chapter, i.e., enhancing ionizing radiation-induced ROS production and measuring

ROS concentration through Ti-relaxometry.

The first part of the work focused on preliminary processing of ND and analysis of the
physicochemical properties of thermally modified ND, aimed at acquiring a comprehensive
understanding of the effects of thermal treatments on particle surface. As highlighted in the previous
sections, different thermal processes impart specific characteristics to the ND. Besides being essential
for any applicative context, achieving a detailed knowledge of these properties was crucial for the

subsequent steps of the work, as it also allowed for the selection of an appropriate thermal treatment
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scheme to effectively obtain the desired modifications to the ND surface. Processed ND were
characterized by means of an innovative approach based on samples electrical characterization in
different and carefully controlled humidity conditions, where the information on particles surface
chemistry and structure was inferred from the analysis of their electrical behavior and then confirmed
through Diffuse Reflectance Infrared Fourier-Transform (DRIFT) spectroscopy and Raman
spectroscopy. The experimental setup for electrical measurements in controlled humidity conditions
was developed and tested by the candidate, whereas the results of such kind of analysis were
published in [124]. Additionally, to delve into ND particles hydrodynamic behavior in relation to the
modification of their surface, Dynamic Light Scattering (DLS) and Zeta Potential (ZP) analyses in

aqueous medium were performed.

After gaining in-depth insights into the surface properties of ND and developing a thermal processing
protocol for their treatment, this scheme was applied to modify ND which were subsequently
functionalized with hyaluronic acid (HA) via a non-covalent approach, using a conjugate of HA with
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine phospolipid. This activity was conducted in
collaboration with the research group led by Prof. Silvia Mariangela Arpicco at the Department of
Drug Science and Technology of the University of Torino and that led by Prof. Chiara Riganti at the
Oncology Department of the same university, and resulted in the findings published in [189]. The
work targeted at designing ND particles with high dispersibility in aqueous solutions and selectivity
towards specific cancer cells. Such properties were sought to enhance ND performance in clinical
applications, allowing their use in water-rich environments and increasing their internalization in
tumor cells characterized by the overexpression of CD44 HA receptors. To validate the
functionalization strategy and investigate changes in surface chemistry, structure, photoluminescence
properties, particle size and morphology, and hydrodynamic behavior, induced by derivatization with
HA, a comparative characterization of ND before and after functionalization was performed, utilizing
a broad set of different techniques, including DRIFT spectroscopy, Raman spectroscopy,
photoluminescence spectroscopy, Scanning Electron Microscopy, DLS, and ZP measurements. The
developed ND were eventually tested on three different human adenocarcinoma cell models to assess

their biocompatibility and uptake mediated by CD44 receptors.

To evaluate the potential in increasing the concentration of ionizing radiation-induced ROS,
HA-functionalized particles and their non-functionalized counterparts were employed in experiments
of induced radiolysis aimed at estimating ROS production in aqueous solutions under y-ray
irradiation, with a focus on hydroxyl radicals. The generation of ‘OH was investigated by irradiating

aqueous suspensions of ND containing terephthalic acid as a fluorogenic probe with a radiotherapy
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linear accelerator (LINAC). The suspensions were analyzed through spectrofluorimetric
measurements to detect any differences in ‘OH radical generation due to the different types of ND
under investigation. Additionally, to correlate the observed ROS production in aqueous solutions with
the effects of the combination of ND and ionizing radiation on cells, preliminary experiments were
conducted to evaluate cellular viability after ND administration followed by y-photon irradiation.
These were performed in collaboration with Prof. Chiara Riganti’s research group and concerned a

radio-resistant cancer cell line.

Finally, with the aim of developing ND as tools to measure ROS production through T-relaxometry,
the candidate carried out a photoluminescence spectroscopy characterization of proton-irradiated ND,
estimating the concentration of NV~ centers formed under different irradiation conditions. The
conditions maximizing the production of NV~ defects and the photoluminescence were selected to
modify particles that were tested in preliminary Ti-relaxometry experiments, conducted at the
Biomedical Engineering Department of the Universitair Medisch Centrum Groningen under the
guidance of Prof. Romana Schirhagl’s research group, to measure T relaxation time both in the

absence and in the presence of paramagnetic species.
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2. Experimental setups
2.1 ND samples

The research activity has been conducted on diamond particles produced from the milling of type-Ib

HPHT single crystals (nominal nitrogen concentration between 10 ppm and 100 ppm).
The majority of the experimental work focused on the following batches of ND:

e Micron+ ND with a median diameter of 240 nm, obtained from ElementSix™ and
designated as “large ND”/'ND throughout the text;
e MSY ND with a median diameter of 55 nm, provided by Pureon and referred to as

“small ND”’/*ND in the following.
Some characterizations were also conducted on two supplementary batches:

e MSY ND with a median diameter of 125 nm, sourced from Pureon and labelled as

“medium ND”/"ND;

e ElementSix™ Micron+ microdiamonds with a median diameter of 6 pm, purchased from

ElementSix™ and indicated as “uD”.

The various samples are shown in Figure 18: 'ND and pD appear as light grey powders, whereas
ND and *ND take the form of dark grey powders. Prior to investigations all samples underwent

various thermal treatments using the system described in the following section.

Figure 18-Diamond particles employed in experimental activity.
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2.2 Thermal treatments system

Thermal treatments on ND were carried out using a ThermoConcept ROT 60/300/12 tube furnace
(Figure 19A). The furnace can reach temperatures up to 1200 °C with a power output of 3 kW and its
control system enables the precise adjustment of processes duration and temperature, as well as the
programming of various thermal ramps, while maintaining a controlled atmosphere (inert gases, air,

oxygen, ...), thus allowing to perform the desired treatment protocol.

Samples were placed into the furnace tube after being loaded into inert alumina crucibles. They
underwent different processing steps, which are detailed in the scheme shown at the beginning of
Chapter 3. Annealing processes were conducted at 800 °C for 2 h under a flow of nitrogen, which
was provided by a gas tank. High-temperature annealing treatments were instead performed by
heating ND for 2 h at temperatures 2 900 °C in low vacuum (approximately 0.2 mbar), that was
created by connecting a mechanical vacuum pump to the furnace tube. Air oxidation procedures were
carried out following annealing treatments at temperatures between 400 °C and 500 °C in oxidizing
atmosphere, attained by leaving the furnace tube open during the treatment, thus exposing the samples
to oxygen from the air. Finally, hydrogenation processes were performed under hydrogen flow at
temperatures between 800 °C and 900 °C, either after an annealing or an oxidation step. Hydrogen
was produced through water electrolysis employing a Parker Domnick Hunter 60H Hydrogen
Generator (Figure 19B), which delivers gas with a purity greater than 99.999% and a pressure up to
7 bar.

A Key Instruments flowmeter was used to regulate the gas flow during annealing and hydrogenation

treatments, with flow rates set to approximately 0.2 1 min™' and 0.1 1 min!, respectively.

A)

Figure 19-A) ThermoConcept ROT 60/300/12 tube furnace. B) Parker Domnick Hunter 60H Hydrogen Generator.
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2.3 Ion accelerator at Legnaro National Laboratories

Ion beam-based modification of ND was performed to create new NV centers within the particles. To
this aim, ND were irradiated with 2 MeV energy protons using the AN2000 accelerator (Figure 20)
at the Legnaro National Laboratories (LNL) of the Istituto Nazionale di Fisica Nucleare (INFN). This
facility is employed by around 30 international research groups annually, operating for a total of
2500 hours. The main experiments include ion beam lithography for microfabrication, elemental
analysis via nuclear techniques, ion channeling, Elastic Recoil Detection Analysis (ERDA) and
Proton-Induced X-ray Emission (PIXE) on various materials such as semiconductors, ceramics, and

environmental samples.

The AN2000 is capable of accelerating both protons and monovalent helium ions (He") and consists
of a Van de Graaff-type electrostatic accelerator with a single loading stage and a maximum terminal
voltage of 2 MV. The treatment chamber is provided with a precision sample holder allowing
micrometric adjustments in all three spatial directions, as well as rotation steps of 1°, enabling sample
inclination relative to the beam direction. The beam spot size can be varied from a few hundred

micrometers to approximately 5 mm.

Sample preparation for ion irradiation involved dispersing the ND in isopropanol and depositing them

on a silicon wafer in a layer with uniform thickness of approximately 30 pm.

Figure 20-AN2000 accelerator at Legnaro INFN laboratories.

2.4 Setup for electrical measurements in controlled humidity
conditions

To investigate the effects of thermal treatments on ND electrical properties with surface terminations
and their interaction with environmental water vapor, electrical measurements on ND were
performed. ND electrical characterization was conducted under controlled-atmosphere conditions

with varying relative humidity levels by employing a setup devised by the candidate, after placing
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the samples in a cylindrical cell (Figure 21A). This was 3D-printed with a stereolithography Form 3B
3D-printer using Formlabs Durable Resin and had a depth d = (2.85 + 0.05) mm and an inner diameter
D = (7.50 + 0.05) mm. The cell was sealed with aluminum electrodes, whose contact with ND was

ensured by two springs, applying constant and uniform pressure.

The ND-filled cell was positioned within a probe station composed by a vacuum chamber connected
to a mechanical vacuum pump and to the electrical characterization apparatus (Figure 21B). The cell
was evacuated to approximately 0.4 mbar for 15 min to remove any pre-existing adsorbed water on
the ND before measuring its impedance. This quantity is referred to as “ND impedance” or |Z]
throughout the text and it was used to evaluate the electrical properties of the different samples.
Impedance measurements were carried out using a Hioki IM3536 LCR meter (Figure 21D), operating
in the 4 Hz - 8 MHz frequency range and capable of measuring impedances up to 9.99999 GQ. The

measuring voltage and frequency were respectively set to 1 V and 15 Hz.

After the above-described vacuum procedure, water vapor was introduced into the chamber via a
valve connected to a water tank. The water pressure reached inside the chamber was measured using
a piezo-resistive Thyracont VD81 vacuum gauge (Figure 21E) and this pressure was converted into

a relative humidity value using the August-Roche-Magnus equation:

17.625T
ps = 6.1094 eT+243.04 Eq.34

where P, is the water saturation vapor pressure in mbar and T is the temperature in °C [190]. The
chamber relative humidity was held constant for 10 minutes to allow the ND to adsorb environmental
water until saturation, after which the impedance was re-measured. Subsequently, the water vapor
pressure was reduced and maintained at a constant level for another 10 minutes. This procedure was
repeated for each sample to collect impedance values at progressively lower relative humidity levels,
ranging from about 90% to 25%, in addition to the impedance value recorded after the initial

15-minute vacuum exposure.
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Figure 21-Setup for ND electrical characterization in controlled humidity conditions. A) Cell employed as sample holder
for ND powders. B) ND-filled cell inside the probe station. C) Comprehensive view of the characterization setup, showing
the probe station vacuum chamber (2) connected to the water tank (1) and the gauge used to read water vapor pressure (3).
D) Hioki IM3536 LCR meter. E) Thyracont VD81 vacuum gauge.

2.5 Diffuse Reflectance Infrared Fourier-Transform spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is a simple and non-destructive tool, providing
valuable insights into materials surface chemistry by allowing the identification of surface functional
groups and investigation of other surface-related properties, such as surface hydrophilicity. When
dealing with materials that scatter light, such as powders, FTIR is commonly performed in diffuse
reflectance mode, being known as Diffuse Reflectance Infrared Fourier Transform (DRIFT)
spectroscopy. In the scattering process, infrared light passes through the solid particles and can be
absorbed if vibrational transitions occur. The scattered light then carries information about these
transitions, which is analyzed to obtain the sample spectrum. The incident light on the sample may
result in a single reflection from the surface (specular reflectance) or be multiply reflected, thus giving
rise to diffusely scattered light over a wide area (Figure 22A). In DRIFT measurements, collection
optics are designed to reject the specularly reflected radiation and capture as much of the diffuse

reflected light as possible [191].

To investigate the surface chemistry of ND samples, their DRIFT spectra were collected using a
Bruker Vector 22 FTIR spectrometer (schematized in Figure 22B) equipped with a nitrogen-cooled

mercury-cadmium-telluride detector. Each spectrum was recorded in dry air ambient conditions (i.e.,
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relative humidity ~ 10%), by averaging 64 acquisitions at 2 cm™' spectral resolution. The collected

reflectance values were successively converted to pseudo-absorbance values, following the equation:
A=-logR Eq.35

where R represents the measured reflectance and A is the corresponding pseudo-absorbance.

Normal specular
A) components B)

Incident
infrared
beam

i
e

Mirrors

Figure 22-A) Radiation diffused by a sample in form of powders. B) Scheme of the Bruker Vector 22 FTIR spectrometer

internal construction.

2.6 Raman and Photoluminescence spectroscopies

Raman spectroscopy is a technique complementary to infrared spectroscopy, serving as an effective
tool for analyzing the unique chemical fingerprints of molecules and solids. It is based on the Raman
effect, first observed by C.V. Raman in 1928, which involves the inelastic scattering of light by
matter, arising in crystals from the interaction between incident photons and optical phonons [192].
The laser light used as a probe beam in Raman spectroscopy can also induce photoluminescence
phenomena, leading to the fluorescence emission of NV centers in the ND core. This allows for the

simultaneous collection of Raman and photoluminescence spectra in a single measurement.

Raman and photoluminescence spectroscopy of the ND, conducted to investigate samples structural
characteristics and their fluorescence properties deriving from NV centers, were performed using the
Horiba Jobin Yvon HR800 Raman micro-spectrometer at the Scansetti Interdepartmental Centre of
the University of Turin. The spectrometer is equipped with a 600 lines/mm diffraction grating,
providing a Raman shift resolution of 3 cm™, and a CCD detector with Peltier cooling system
(-70 °C). The instrument, which is controlled via computer through LabSpec software, also includes
an Olympus BX41 optical microscope with a set of objectives (10%, 20x, 50%, and 100%), coupled to
a color video camera, allowing sample observation and precise laser focusing on the desired point
and focal plane. The optical excitation source is a 532 nm Nd-YAG solid-state laser, whose power
intensity can reach values up to 25 mW and can be regulated by filters inserted along the optical path.
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As with the preparation performed prior to ion irradiation, ND were dispersed in isopropanol and

deposited on a silicon wafer for the acquisition of Raman and photoluminescence spectra.

Figure 23-Raman spectrometer at the Scansetti Interdepartmental Centre (University of Turin).

2.7 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) employs a finely focused beam of electrons as a probe to image
a sample with nanometer-scale resolution. The electron beam is generated through thermionic
emission, focused by a series of electromagnetic lenses, and then scanned in a raster scan pattern
across different areas of the specimen. Images are produced by the signals resulting from interactions
between the probe electrons and the atoms of the material under investigation, which are shown in
Figure 24A. The most commonly analyzed output is the one originated by secondary electrons, arising
from surface or near-surface areas of the sample due to the inelastic scattering of the primary electron
beam. These electrons carry information on surface topography, thus providing valuable insights on

fine surface details and morphological characteristics of the sample examined [193].

SEM was employed to investigate ND size distribution and their morphology. Observations were
conducted with the FEI - Inspect F™ (Figure 24B) available at Nanofacility Piemonte (INRiM). The
instrument, equipped with a Field Emission Gun (FEG) 35 source, was operated in secondary
electrons detection mode under high-vacuum conditions (approximately 10° mbar pressure). The

acceleration voltage was set to 5 kV, thus providing a spatial resolution of about 10 nm.

To set up samples for imaging, diluted dispersions of ND in isopropanol were prepared (ND
concentration lower than 1 mg ml?') and then subjected to sonication for 30 minutes using an
Elmasonic S15H ultrasonic device (35 W ultrasonic power). After sonication, droplets of the ND

suspensions were deposited onto silicon substrates and allowed to air-dry. The ND were intentionally
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left uncoated with metal to prevent any potential morphological changes, though this approach might

have introduced some charging effects.

Image] software was employed for size distribution analysis. The dimensions of the nanocrystals
were assessed from the collected micrographs by manually outlining the contours of the ND projected
areas, focusing on well-separated particles. Assuming a spherical shape for the ND, the measured
data were converted to diameter values and particle size histograms were constructed using an

appropriate binning method.
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Figure 24-A) Signals generated by the interaction of electrons with a material. The ones most commonly detected in

electron microscopy are secondary electrons and backscattered electrons. B) Inspect F™ SEM at Nanofacility Piemonte
(INRiM).

2.8 Dynamic Light Scattering and Zeta Potential measurements

Dynamic Light Scattering (DLS), also known as photon correlation spectroscopy or quasi-elastic light
scattering, is a hydrodynamic technique used to determine the diameter of particles suspended in
liquids by measuring their translational diffusion coefficient [194]. Since such physical quantity is
strongly influenced by the nature of particle surface, as well as by the concentration and type of ions
in the suspending medium, the measured size value is similarly affected [195]. This makes DLS a
valuable tool for investigating changes in particles dimensions in relation to these factors. In addition
to particle diameter, DLS measurements provide information on the distribution of particle size,
estimated through the polydispersity index (PDI). A higher PDI value indicates less uniform particle

dimensions within the sample and vice versa [196].
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On the other hand, Zeta Potential (ZP) analysis is a hydrodynamic technique for the evaluation of
electrical potential at the slipping plane of nanoparticles suspended in liquids, which is defined as
zeta potential. ZP is commonly determined by measuring the electrophoretic mobility of particles
dispersed in media with moderate electrolyte concentration and it is influenced by composition and
the pH of the suspending medium. ZP offers insights into particles surface charge and their stability
in colloidal suspension, giving information on their tendency to aggregate. Particles endowed with
large negative or positive ZP values, i.e., ZP <-30 mV or ZP > +30 mV, are considered highly stable
in suspension, repelling each other and thus preventing their aggregation. Conversely, particles
featuring ZP low in absolute are prone to aggregate, coagulate, or flocculate, as a result of van der

Waals inter-particle attraction [197].

DLS and ZP analyses were carried out to investigate ND behavior in water-based solutions, in terms
of their size distribution, surface charge and eventual aggregation in aqueous media. DLS
measurements were performed by employing a Zetasizer Nano ZS (Figure 25A), controlled via a
computer thanks to the Zetasizer software and equipped with a 4 mW power 633 nm He-Ne laser.
The instrument is capable of measuring particle sizes in the 0.3 nm - 10 um range, with particle
concentrations spanning from 0.1 ppm to 40% w/v. Analyses were conducted at a scattering angle of

173°, pouring ND dispersions into disposable DTS0012 cuvettes (Figure 25B).

The Zetasizer Nano ZS was used also to perform ZP measurements, loading ND suspensions into the
folded capillary cell DTS1070 (Figure 25C and Figure 25D), characterized by two gold-plated copper
electrodes at the ends. The application of an electric field (E) to the cell electrodes makes charged
particles acquire a net average velocity (v). By measuring v and calculating the ratio between v and
E, particles electrophoretic mobility (Ug) is obtained, allowing ZP value to be derived using Henry’s
equation. v was measured by the Zetasizer Nano ZS with a technique combining laser Doppler
anemometry and phase analysis light scattering. The method registers the phase difference between
the laser beam incident on the moving particles and the light they scatter. This is related to the
frequency shift between the scattered signal and the reference one, which is proportional to v and,

consequently, to Urand ZP [198,199].

Both DLS and ZP assessment were carried out at 25 °C after samples ultrasonic stirring.
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Figure 25-A) Zetasizer Nano ZS. B) DTS0012 cuvette employed in DLS measurements. C) Scheme of the folded

capillary cell used in zeta potential analyses. D) DTS1070 cell for zeta potential determination.

2.9 Measurement of hydroxyl radical production from aqueous
dispersions of ND upon irradiation with y-photons

With the aim of assessing ND potential as radiosensitizers, the concentration of hydroxyl radicals
("OH) formed upon y-photons irradiation of ND aqueous suspensions was measured via fluorescence

spectroscopy.

Samples were prepared by diluting concentrated aqueous dispersions of ND with Gomori
Phosphate-Buffered Saline (PBS) solution containing terephthalic acid (TPA) at a concentration of
0.05 mM. TPA was employed as a probe for radicals detection, due to its ability to react with these
species to form a single hydroxylated product, i.e., 2-hydroxyterephthalic acid (HTPA) [200,201],
according to the reaction displayed in Figure 26. Unlike TPA, HTPA is a fluorescent molecule,
exhibiting a bright and stable emission at approximately 430 nm when excited by light at 315 nm

wavelength. HTPA can hence be revealed through fluorescence spectroscopy, thus allowing indirect
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quantification of the ‘OH. The choice of TPA was dictated by the fact that this probe does not features
shortcomings in sensitivity or selectivity, as it does not require long irradiation times and/or high
concentrations, which may impact the behavior and composition of the sample. Additionally, such

compound is relatively easy to handle, posing minimal risk to the operator [201-203].

After preparation, ND suspensions were ultrasonically stirred for at least 30 minutes and then poured

into 1.5 ml vials for irradiation with y-photons.

HO
HO O  .oH HO 0
—>

terephthalic acid 2-hydroxyterephthalic acid

Figure 26-Hydroxylation reaction of terephthalic acid (non-fluorescent), resulting in the fluorescent molecule
2-hydroxyterephthalic acid.

The irradiation was carried out using an Elekta SL18 Precise radiotherapy LINAC (Figure 27),
employing photons which were generated by the impact of electrons accelerated by a 15 MV potential
on a tungsten target. The samples were placed at the machine isocenter point, located at about 1 m
from the accelerator target, and exposed to a radiation dose of 4.1 Gy, delivered at a rate of 4 Gy/min,

with the beam field size set to 20 x 20 cm?.

Figure 27- Elekta SL18 Precise radiotherapy LINAC.
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To perform fluorescence spectroscopy measurements for evaluating "OH radical concentration in the
different ND suspensions, the irradiated samples were moved into all sides-polished UV and visible
light transparent quartz cuvettes. These were inserted into a fluorometer assembled by the researchers
of Solid State Physics group (Figure 28). The instrument employs a Thorlabs UV-visible LED 315W
as light source, featuring a spectral output centered at 315 nm, a forward current of 30 mA and a
power output of 0.600 mW. The LED, powered by an electronic board delivering a power supply
current of 15 mA, is enclosed into a Thorlabs CVH100 cuvette holder, shielding the sample cuvettes
from external light and reducing environmental light noise. The light emitted from the samples is
collected orthogonally to the optical path of the incident radiation using an optical fiber with a
numerical aperture of 0.50 and a core diameter of 200 pm. Fluorescence spectra were acquired by an
Ocean Optics QEPro  Spectrometer, equipped with a thermoelectrically cooled
Hamamatsu S70311006 detector, cooling to 15 °C - 20 °C below ambient temperature, and controlled

by the OceanView software, setting integration time to 30 s.

2) Cuvette
holder + LED

A)

N /3) Cuvette

1) LED power supply system

Q EPro

5) Computer 4) Spectrometer

Figure 28-A) Scheme of the fluorometer used to measure the fluorescence of the TPA-containing ND dispersions upon
irradiation with y-photons for evaluating *OH radical production. B) Fluorometer setup. An electronic board (1) powers
the 315 nm led excitation source, enclosed into the cuvette holder (2), where the cuvette containing ND dispersions (3) is

placed. The spectrometer (4), connected to a computer (5), allow to collect fluorescence spectra.
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To obtain information about "OH radical production, the recorded fluorescence spectra were analyzed
by evaluating the area underneath HTPA emission peak, integrating each spectrum in the
360 nm - 560 nm interval. Area values were then converted to concentrations exploiting a proper
calibration curve, correlating HTPA concentration to the measured fluorescence intensity, as

llustrated in sub-section 3.3.1.

2.10 System for Ti-relaxometry measurements
Ti-relaxometry characterization was carried out on ion beam-modified ND to measure their T; time

and investigate their ability to detect paramagnetic species.

Measurements were conducted at the Universitair Medisch Centrum Groningen using a custom-built
confocal setup that has been assembled by the researchers of the Biomedical Engineering Department

from the research group led by Prof. Romana Schirhagl.

The setup is divided into two distinct sections, where the first one is dedicated to the creation of the
laser pulsing sequence necessary for the measurements, while the second one is devoted to laser
focusing on the sample and collection of the NV centers photoluminescence signal. These are

respectively illustrated in Figure 29 and Figure 30.

The first part of the system is composed by a Ventus 532 laser, emitting green light at 532 nm, and a
Gooch & Housego 3350-199 acousto-optic modulator (AOM), employed to pulse the laser light in a
double-pass configuration. In this arrangement the laser light passes through the AOM twice, thus
preventing alterations of the beam direction. Indeed, when a laser beam is sent through an AOM, the
first-order diffraction emerges at a small angle 0, which varies depending on the power and driving
frequency applied to the AOM. By passing through the AOM a second time, any beam deflection is
compensated, eliminating the need for frequent realignment of the entire setup [204]. Such
configuration is implemented by directing the laser light though a half-wave plate, polarizing it
linearly in one direction, and then through a polarizing beam splitter, which transmits it to a
quarter-wave plate, that changes the light polarization to circular. The circularly polarized beam enters
the AOM and is reflected back by a mirror. The beam then passes through the AOM and the
quarter-wave plate again, where its polarization is modified back to linear, but with its direction
rotated by 90° compared to the initial one. This change in polarization allows the beam exiting the
AOM to be reflected by the polarizing beam splitter, thus separating it from the incoming light. The
reflected beam is then directed through an optical fiber, which guides it to the second part of the setup.
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Figure 29- Section of the Ti-relaxometry measurement setup at the Universitair Medisch Centrum Groningen dedicated
to creating the laser pulsing sequence. A) Schematic showing the various components of the laser pulsing system. B) Laser
pulsing system. The laser (1) emits light that passes through a half-wave plate (2), polarizing it linearly. The linearly
polarized beam then enters a polarizing beam splitter (3), which directs it to a quarter-wave plate (4), converting the
polarization to circular. The circularly polarized beam passes through the AOM (5), then through a lens (6), and is
reflected back by a mirror (7), thus passing once more through the AOM and the quarter-wave plate. This returns the
polarization to linear, but rotated by 90° with respect to the initial direction, allowing it to be reflected by the polarizing

beam splitter and directed into an optical fiber (8).

The system second unit consists of a confocal microscope in an inverted configuration, with an
Olympus UPlanSApo100X oil objective (characterized by a numerical aperture of 1.40 and a working

distance of 0.12 mm), responsible for laser focusing and NV fluorescence signal collection, which is
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positioned beneath the sample, placed on a holed piezoelectric stage. This specific design is
particularly suitable for performing relaxometry in vitro, as it allows measurements to be conducted
while keeping the samples inside Petri dishes or culture plates. The laser light emerging from the
setup first module is directed through a dichroic mirror, dividing the excitation light from the output
red fluorescence signal, then to a scanning mirror, which allows addressing different parts of the
sample, and eventually through the objective, thus reaching the sample. After excitation of the NV
centers in the ND, red fluorescence is emitted and photoluminescence light is directed back the same
path until the dichroic mirror that sends it to the detection path, contained within a dark box to reduce
counts from reflected light. There, a manually adjustable filter wheel, equipped with different
high-pass filters (600 nm, 650 nm and 700 nm), allows selection of the desired wavelengths. After
passing a pinhole, the fluorescence signal is detected by a Single-Photon-Avalanche-Diode (SPAD).

To the
detection path

Figure 30- Schematics showing the section of the T1-relaxometry measurement setup at the Universitair Medisch Centrum
Groningen dedicated to laser focusing on the sample and collection of the NV center photoluminescence signal (adapted
from [182]): 1) fiber port, 2) lenses for beam size adjustment, 3) dichroic mirror directing only NV fluorescence to the
detector, 4) scanning mirror for positioning the laser at different locations on the sample, 5) additional lens, 6) objective

enabling focus scanning, 7) piezoelectric stage for precise sample positioning.

The setup also includes a bright-field microscope, which is used to collect images simultaneously,
and 1s controlled via computer using a customized LabVIEW program, developed by Prof. Romana

Schirhagl’s research group.

Measurements were conducted by setting the laser power to 50 pW and exploiting a pulse train of 51
laser pulses, each lasting 5 ps, interspersed with 50 dark times, which were exponentially varied from

0.2 ps to 2 ms. To obtain sufficient signal-to-noise ratio, the pulsing sequence, taking around 12 ms,
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was repeated 10* times for each measurement, resulting in a total measurement duration of
approximately 2 minutes. The photoluminescent signal from the NV centers was detected above

600 nm and was quantified in a detection window of 1 ps.

Relaxation curves were acquired for particles with fluorescence counts between 5 x 10° and 6 x 10°.
Counts outside this range were excluded, as they likely indicate dirt particles on the surface,
aggregates, background noise, or exceptionally large or small particles [52]. For each type of sample,
measurements were conducted on at least 30 different particles to ensure robust statistical analysis. A
tracking algorithm within the LabVIEW control program was used to monitor the movement of each
ND, ensuring it remained in focus, and the collected curves were fitted with a single exponential
model. Only T; time values within the 10 ps to 1 ms range, regarded to have physical meaning [52],

were considered.
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3. Results

As mentioned in section 2.1, diamond particles with different median diameter, i.e., 55 nm (“SND”),
125 nm (“"ND”’), 240 nm (“'ND”) and 6 pm (“nD”) were investigated. The particles involved in each
part of the experimental work are introduced at the beginning of each of the following sections. 'ND,
SND, and ™ND are referred to simply as “ND” within the sub-sections, unless specifying the particle
size is important. On the other hand, the 6 um median diameter diamond particles are always
indicated as “uD” within the text.

All the results presented refer to samples subjected to various thermal treatments, which were
conducted using the system described in section 2.2 and are summarized in the diagram shown in
Figure 31. The names of the different processes are displayed within the white-filled rectangles,
together with details regarding the type of atmosphere, duration, and temperature. In cases where
multiple procedures were undetaken at different times and temperatures, a range is indicated, with
more detailed information provided in the figures of appendix A. The blue arrows illustrate the
sequence of treatments, while the rectangles with solid blue fill report the detailed samples
nomenclature, providing a complete summary of all processing steps applied to a given batch of
particles. This naming system is employed in sub-section 3.1.1, where it was crucial to highlight both
type and order of the performed procedures, and in sub-section 3.1.2, being closely connected to the
previous one. The labels indicated by the black arrows are instead used to differentiate the samples
from sub-section 3.1.3 onwards, as the treatment scheme remained consistent, following the set of
processes written in blue. For simplicity, 'ND, SND, and ™ND and uD are all indicated as “ND” in the

scheme.
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Figure 31-Thermal treatments carried out on the samples examined in this thesis (further details are available in
appendix A), including annealing (‘Ann’), high-temperature annealing (‘HT-Ann’), oxidation (‘Mild-Ox’ and ‘Ox’), and
hydrogenation (‘Hz-1" and ‘Ha-11”) processes. The names of the treatments are reported inside the white-filled rectangles,
whereas their sequence is indicated by the blue arrows. The complete nomenclature of the samples, summarizing all the
processing steps conducted on a given batch of particles, is shown inside the blue rectangles. This is used to label the
samples in sub-sections 3.1.1 and 3.1.2. From sub-section 3.1.3 onwards, samples are named with the labels indicated by
the black arrows, as the treatment scheme remained the same, consisting of the set of processes written in blue. For
simplicity, in the scheme 'ND, *ND, and ™ND and uD are all indicated as “ND”.

Annealing treatments in N> atmosphere at 800 °C were conducted with the aim of standardizing
particle surface, through the elimination of surface functional groups, and graphitizing surface
amorphous carbon components, while avoiding to damage the diamond core. The processes were
performed on both pristine or previously treated particles, and they are indicated as ‘Ann’. On the
other hand, annealing processes in vacuum at temperatures higher than 800 °C were meant for
inducing graphitization, disregarding any possible degradation of the diamond phase. They were
carried out at 900 °C, 950 °C, and 1000 °C, and they are respectively labelled ‘HT-Ann-900’,
‘HT-Ann-950°, and ‘HT-Ann-1000°. Following the ‘Ann’ step, air oxidation treatments were
implemented with the purpose of removing selectively sp? carbon, thus purifying particles from
graphitic layers, concurrently fostering the formation of surface oxygenated moieties. Two types of
oxidation procedures were carried out: these are called ‘Mild Ox* and ‘OX’ respectively, based on the

processing parameters. The former was conducted in mild conditions, i.e., at 400 °C for 30 min,
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whereas the ‘Ox’ treatments were executed at higher temperatures for longer durations and were also
exploited as intermediate steps for subsequent processing. Eventually, hydrogenation treatments
under hydrogen flow were carried out to create C-H bonds on the surface. They are designated as

‘Hz-1" and ‘H2-Il,” depending on whether they followed ‘Ann’ or ‘OX’ process respectively.

3.1 Properties of diamond particles upon different thermal treatments

The influence of thermal treatments on the surface properties of diamond particles was evaluated
starting from assessing their impact on particles electrical behavior. As detailed in the introduction
(in sub-section 1.3.3), thermal treatments lead to surface modifications that relevantly affect electrical
properties. Clarifying how these correlate with surface characteristics is essential to understand if
surface chemistry and structure can be inferred from electrical measurements, as various surface
terminations appear to be associated with distinct electrical behavior. Despite the extensive literature
on the topic, the effect of different surface modifications and diamond particles size on this aspect
has never been systematically correlated and examined. The work presented in sub-sections 3.1.1 and
3.1.2 was carried out with the goal of achieving this purpose. The relationship between electrical
properties and different thermal treatments in controlled atmosphere was examined by linking sample
electrical behavior with surface chemical and structural changes and with a specific conduction
mechanism. To this aim, samples electrical characterization in different and controlled relative
humidity conditions was performed, employing the system and the methodology described in section
2.4, joined with spectroscopic analyses, including Diffuse Reflectance Infrared Fourier Tansform
(DRIFT) and Raman spectroscopies. This type of characterization was conducted on 'ND (240 nm
median diameter), which were subjected to all the thermal treatments illustrated in the scheme of
Figure 31. The results, presented in sub-section 3.1.1, allowed in-depth comprehension of the
relationship of the electrical conductivity with surface moieties, leading also to define a protocol for
ND annealing, oxidation, and hydrogenation treatments. Further investigations conducted to
investigate the connection between particle size and electrical properties focused on *ND (55 nm
median diameter) and pD (6 um median diameter) and are reported in sub-section 3.1.2, where they

are commented in relation to the findings on 'ND.

To study samples hydrodynamic behavior in aqueous solution, thus gaining insights into particles
aggregation tendency and surface charge, Dynamic Light Scattering (DLS) and Zeta Potential (ZP)
analyses were also performed. These measurements were undertaken on the 'ND, specifically on the

samples labelled with the compact names “NDan”, “NDox”, and “NDy”, and their outcomes are

1llustrated in sub-section 3.1.3.
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3.1.1 Electrical properties, surface chemistry and structure
The results of electrical characterization at varying relative humidity (hereafter “RH”) of the ND
subjected to all the thermal treatments shown in scheme of Figure 31 are presented in Figure 32A,

Figure 33A and Figure 34A, and summarized in the table of Figure 35.

Figure 32A displays the outcomes of impedance measurements conducted at varying RH from the
samples labelled as ND ‘Ann’, ND ‘Ann + Ox’, ND ‘Ann + Mild Ox’ and ND ‘Ann + Ox + Ann’.
Preliminary Raman spectroscopy confirmed the absence of graphitic carbon in these samples
following thermal treatments, thus allowing the exclusion of sp? phases as a factor influencing their
electrical properties. The corresponding Raman spectra are reported in Figure 57 of appendix B. The
impedance of the ND, exceeding the upper limit of the instrumental range when measured after the
samples were kept in vacuum, decreases with rising values of RH. This observation underlines a
relevant impact of adsorbed water on ND electrical properties and seems to indicate that these are
primarily governed by proton hopping taking place in water. Experimental data are indeed in
accordance with findings on non-graphitized ND reporting a conductivity increase with increasing
amount of water adsorbed on particles surface, ensuing from a progressively more pronounced

influence of the Grotthuss mechanism [123,178].

For the ND ‘4nn’, |Z| reduces from (6700 = 1500) MQ at the lowest RH value to (620 + 140) MQ at
the highest RH level. For the ND ‘4nn + Ox’, the dependence of impedance on hydration conditions
appears even more marked, as the variation in |Z| spans over two orders of magnitude, passing from
(760 = 170) MQ to (3.2 £0.7) MQ in the RH interval under exam. Notably, the impedance values
collected for the ND ‘4nn + Ox’ are much lower with respect those measured for the ND ‘Ann’, with
a difference of about one order of magnitude at the lowest RH value, increasing up to two orders of
magnitude when RH is maximum. The impedance of the ND ‘Ann + Mild Ox’ also varies over two
orders of magnitude, i.e., from (9000 & 2000) MQ to (27 £ 6) MQ, over the explored RH range.
Nevertheless, for the ND ‘Ann + Mild Ox’ impedance values are consistently one order of magnitude
higher than those of the ND ‘4nn + Ox’ samples and approach the values measured for ND ‘Ann’
when RH is decreased below 60%. On the other hand, the ND ‘Ann + Ox + Ann’ show impedance
values similar to those of the ND ‘4nn’, displaying also an analogous one-order-of-magnitude |Z|

change across the RH interval under investigation.
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Figure 32-Electrical and spectroscopic characterization of the ND samples ('ND; 240 nm median diameter) labelled as
ND ‘Ann’, ND ‘Ann + Ox’, ND ‘Ann + Mild Ox’ and ND ‘Ann + Ox + Ann’. A) Electrical impedance of the samples at
different relative humidity (RH) conditions. B) Samples DRIFT spectra. The regions of O-H stretching (vo.w), C-H

stretching (vc-w) and C=0 stretching (vc=0) are marked with dashed contours rectangles.

The electrical behaviour of the various samples seems to suggest a difference in their surface
chemistry, promoting or limiting water adsorption and thus determining the observed variations of
electrical properties with changing RH. Based on the findings reported in [179] and [123], and
considering that the presence of surface oxygen-containing moieties favours the adsorption of water,
it could be assumed that such a difference is due to a different amount of oxygenated groups on ND

surface.

This hypothesis is corroborated by the analysis of samples DRIFT spectra, which are reported in
Figure 32B. The DRIFT spectrum of the ND ‘Ann’ is characterized by relevant features in the spectral
range between 2990 cm™' and 2800 cm™ (indicated as “vc.n”), which is attributable to C-H bonds
asymmetric and symmetric stretching. The almost complete absence of signals in the
3650 cm! - 3000 cm™! interval (labelled as “vo.n™) is linked to the lack of O-H stretching modes of
both surface adsorbed water and surface moieties [205]. Moreover, only a minor band at 1705 cm’!
is visible in the spectral range associated to C=0 stretching (referred to as “vc-0”). The ‘Ann’ step
thus results in the predominance of C-H moieties, with oxygen-containing groups being nearly
entirely absent. Consequently, the ND ‘Ann’ exhibit minimal affinity towards water, whose presence
is indeed undetectable. Meaningful spectral alterations can be observed in the spectrum of the
ND ‘4nn + Ox’, which exhibits a broad feature in the vo.n spectral range and extremely faint bands
in the vc.n one. Additionally, in the vc—o spectral region a broad and complex band at 1800 cm™! can

be observed. This is ascribable to the C=0 stretching vibration in various surface groups, such as
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carboxylic acids, esters, lactones, and acid anhydrides [206-208]. The same surface
oxygen-containing functionalities also cause the appearance of new spectral features in the
1500-1300 cm™ spectral range, typical of ketones and epoxides vibrations [206,207]. From the
previously commented spectral bands it can be inferred that the ‘Ox’ step promotes the formation of
oxygenated groups, thus increasing surface hydrophilicity. The spectrum of the ND ‘Ann + Mild Ox’
shows similarities to that of the ND ‘Ann + Ox’, with key features including the suppression of C-H
bands and the appearance of both vc—o and vo.u stretching bands. These features highlight that even
the milder oxidation process introduces oxygen-containing functionalities and enhances the water
affinity of the ND surface. However, the comparison between the spectrum of the
ND ‘Ann + Mild Ox’ and that of the ND ‘4nn + Ox’ allows to notice that the intensity of the O-H
stretching and vc=o bands, as well as the features at lower wavenumbers, is greatly reduced in the
former. This indicates considerable changes between different oxidation conditions, revealing that the
‘Mild Ox’ process induces only limited formation of oxygenated groups and imparts reduced
hydrophilicity to the surface, resulting in a lower amount of adsorbed water on the
ND ‘dnn + Mild Ox’. The spectrum of the ND ‘Ann + Ox + Ann’ is instead characterized by the
disappearance of the vc—o band, along with a concurrent decrease in the O-H band intensity, a slight
intensification of the bands between 2990 and 2800 cm™, and the partial suppression of the signals at
lower wavenumbers. These modifications indicate that the ‘Ann + Ox + Ann’ treatment removes
oxygen-containing groups and produces C-H moieties, thereby providing again the ND surface with

a pronounced hydrophobic character.

The stronger dependence on relative humidity and smaller |Z| values observed for the ND ‘Ann + Ox’
can thus be attributed to the presence of surface oxygenated functional groups, like carboxylic acids,
hydroxyls, and esters, originated by the ‘Ox’ step [123,164,179,205,206]. These groups promote
water adsorption by increasing surface hydrophilicity, thus enhancing Grotthuss mechanism and
consequently improving electrical conduction. In contrast, the weaker conductivity and impedance
dependence from RH observed for ND ‘Ann’ and ND ‘Ann + Ox + Ann’ can be linked to the
hydrophobic nature of the surface, which causes limited water adsorption, thus reducing the impact
of Grotthuss mechanism on electrical conductivity. This hydrophobicity is due to the ‘Ann’ step,
eradicating oxygenated groups rather than prompting their formation. Finally, the higher impedance
values measured for ND ‘Ann + Mild Ox’ compared to ND ‘Ann + Ox’ are associated with a smaller
amount of oxygen-containing surface groups, determining water adsorption to a lower extent and thus
a more limited contribution of the Grotthuss mechanism. The lower surface density of oxygenated

species is caused by the chosen oxidation conditions, which are considerably less aggressive for the
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ND ‘4nn + Mild Ox’ in comparison to the ND ‘Ann + Ox’, resulting less effective in establishing

oxygen-containing groups.

In contrast to the samples discussed so far, the ND subjected to hydrogenation processes, i.e., the
ND ‘Ann + H>-I’ and ND ‘4nn + Ox + H>-II’, exhibit an impedance trend showing minimal
dependence on RH. This is evident from Figure 33A, which presents the results of electrical
measurements for the hydrogenated samples, besides those for the ND ‘4nn’ and ND ‘Ann + Ox’,
included for comparison. Similarly to the ND yielding the data of Figure 32, also the ND ‘Ann + H>-I’
and ND ‘Ann + Ox + H>-II’ are insufficiently conductive following vacuum exposure to be tested by
the measuring apparatus. The impact of surface graphite on the electrical behavior can be ruled out
once more, as no graphite G-band is detectable in hydrogenated ND Raman spectra, as displayed in

Figure 57 of appendix B.

The impedance of the ND ‘4nn + H>-I’ reaches (2700 + 600) MQ when RH is about 25%, decreasing
to (1000 +200) MQ at RH value around 90%, while the same quantity for the ND ‘Ann + Ox + H>-II’
drops from (200 +40) MQ at the lowest RH level to (59 + 13) MQ at the highest. For the hydrogenated
samples, the impedance variation is thus limited to a three-fold factor over the examined RH range.
The one-order-of-magnitude difference in impedance between the ND ‘Ann + H>-I' and the
ND ‘Ann + Ox + H>-II’ highlights that the former sample is more insulating than the latter. The
comparison of the ND ‘Ann + H>-I’ and ND ‘Ann + Ox + H>-II’ with the ND ‘Ann’ and
ND ‘4nn + Ox’ underscores that the ND ‘Ann + H>-I’ are more conductive than the ND ‘4nn’ below
60% RH and that the conductivity of the ND ‘4nn + Ox + H>-II is likewise enhanced with respect
to the ND ‘4nn + Ox’. At RH levels of about 25% and 35%, impedance values are lower by two folds
for the ND ‘Ann + H>-I’ compared to the ND ‘4nn’ and by an order of magnitude for the
ND ‘4nn + Ox + H>-II’ with respect to the ND ‘4nn + Ox’.
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Figure 33- Electrical and spectroscopic characterization of the ND samples ('ND; 240 nm median diameter) labelled as
ND ‘Ann + Ha-1” and ND ‘Ann + Ox + Ha-1I’. The data concerning the ND ‘Ann’ and ND ‘Ann + OX’ have been also
reported for sake of comparison. A) Electrical impedance of the samples at different relative humidity (RH) conditions.
B) Samples DRIFT spectra. The regions of O-H stretching (vo-+), C-H stretching (vc-n) and C=0 stretching (vc-o) are

marked with dashed contours rectangles.

The high impedance values measured upon treating hydrogenated samples in vacuum and the weak
dependence of impedance on RH seem to indicate a surface chemistry linked to a distinct conduction
mechanism in these samples with respect to one governing the electrical properties of the previously
analyzed ND. Assuming the effectiveness of the hydrogenation treatments, the surface of ND
‘Ann+ H>-I’ and ND ‘Ann+ Ox + H>-II’ should exhibit a hydrophobic character [171], arising from
the removal of oxygenated moieties [209]. As a result, it could be inferred that hydrogenated ND
adsorb water to a restricted extent, and therefore proton hopping has not an influence on their
electrical conduction. The electrical behavior of ND ‘dnn+ H>-I’ and ND ‘Ann+ Ox + H>-1I’ could
be explained with the introduction of hydrogen terminations on the surface, assuming that electrical
conduction is due to surface transfer doping mechanism [169] induced by a very limited amount of
water adsorbed on the surface, sufficient to trigger the formation of sub-surface holes by electron
transfer. On one hand, the larger conductivity of ND ‘Ann + Ox + H>-I" with respect to
ND ‘dnn + H>-I’ could be attributed to an improved efficiency of the hydrogenation process when
conducted after the ‘Ox’ treatment. On the other hand, the influence of hole conduction in
hydrogenated samples could become noticeable only when reducing RH, as the relatively strong
impact of Grotthuss mechanism on the impedance values of ND ‘Ann’and ND ‘Ann + Ox’ makes

these samples more conductive than hydrogenated ND at high RH levels.

Such interpretation is reinforced by the analysis of the ND ‘Ann + H>-I’and ND ‘Ann+ Ox + H>-II”
DRIFT spectra, displayed in Figure 33B , where also the spectra of the ND ‘4nn’and ND ‘Ann + Ox’
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are reported for sake of comparison. The DRIFT spectrum of the ND ‘4nn + Ox + H>-II" shows a
marked enhancement of the signals associated with C-H stretching compared to the spectrum of the
ND ‘4nn + Ox’. Additionally, the partial suppression of the spectral features below 1500 cm™ can be
noted. A similar, though less pronounced, increase in C-H stretching bands is evident in the spectrum
of the ND ‘Ann + H>-I’ relative to that of the ND ‘Ann’. The efficacy of the hydrogenation treatment
can thus be validated by these experimental evidences, which show the effective formation of
hydrogen terminations, thus supporting the potential impact of transfer-doping mechanism on
electrical conductivity. The intensity of the C-H stretching bands is notably higher for
ND ‘4nn + Ox + H>-I’ than for ND ‘Ann + H>-I’, demonstrating that the preceding ‘Ox’ step
increases the efficiency of the hydrogenation process. The reduced hydrophilicity of the hydrogenated
ND is indicated by the absence of significant features in the 3650 cm™ - 3000 cm™* spectral range and
the concurrent drastic reduction in the vc-o band intensity. ‘H>-I’ step hence maintains the
hydrophobicity of ND ‘4nn’, whereas the ‘H>-II’ process renders the ND ‘4nn + Ox” hydrophobic by

eliminating oxygen-containing surface moieties.

The electrical properties of the ND ‘H7-Ann’ display a totally different behavior from those of the
samples shown in Figure 32A and Figure 33A, as they are completely unaffected by water. The
electrical characterization results for ND ‘HT7-Ann’ are presented in Figure 34A, accompanied by the
ones for the ND ‘4nn’ for comparison. The data show that ND ‘H7-4nn’ have constant impedance
values independently of RH conditions. Notably, the same impedance values are observed even after
the ND are kept in a vacuum environment, as illustrated in Figure 58A of appendix B. Additionally,
it can be noted that the impedance of the ND ‘H7-Ann’ depends on the treatment temperature.
Specifically, the impedance of the ND ‘HT-Ann-1000’, that is in the kQ range, is lower than that of
the ND ‘HT-Ann-950, being in the 10 MQ range. In turn, this value is smaller than the impedance
recorded for the ND ‘H7-4Ann-900’, which is similar to that of the ND ‘4nn’, varying in the GQ range.

The results of electrical characterization for the ND ‘H7-4nn’ can be interpreted by inferring the
effects of the ‘H7-Ann’ treatments on particles surface structure. Even in a chemically inert
atmosphere, structural modifications can occur in the ND at temperatures exceeding 900 °C [157].
Such changes can lead to the formation of surface graphite in the ND ‘H7-Ann’, unlike what happens
for the ND ‘Ann’. The monotonous decrease in impedance can thus be explained with surface
graphitization becoming more pronounced with increasing temperatures, whereas the absence of a
correlation between impedance and RH can be attributed to the lack of oxygen-containing groups on

the surface. This is expected from annealing treatments and is indeed confirmed by the DRIFT spectra
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of the ND ‘HT-Ann’ (shown in Figure 58B of appendix B), revealing the absence of oxygenated

moieties and any other identifiable surface functionality.
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Figure 34- Electrical and spectroscopic characterization of the ND samples ('ND; 240 nm median diameter) labelled as
ND ‘HT-Ann-900°, ND ‘HT-Ann-950" and ND ‘HT-Ann-1000’. The data concerning the ND ‘Ann’ have been also shown
for comparison purposes. A) Electrical impedance of the samples at different relative humidity (RH) conditions.
B) Samples Raman spectra. Diamond peak and graphite G-band are highlighted by black arrows. The value of diamond

peak position is also reported.

Further insights on ND ‘H7-4Ann’ samples can be gained from the analysis of their Raman spectra,
reported in Figure 34B, alongside the spectrum of the ND ‘Ann’ for comparison purposes. The spectra
are normalized to the intensity of the first-order Raman peak of diamond. In addition to the first-order
diamond peak, the spectra of the ND ‘HT-Ann’ feature the G-band at 1580 cm™!, that is unequivocally
ascribable to sp” carbon hybridization [58], confirming that the ‘HT-Ann’ treatments lead to the
formation of graphite on ND surface [157]. From the presence of the first-order diamond peak, also
observed in the ND ‘Ann’ spectrum, it can be however evidenced that the diamond phase in the
nanoparticles core is not entirely lost following the ‘H7-Ann’ process. The peak appears at 1317 cm™!
for the ND ‘HT-Ann-900> and ND ‘HT-Ann-900°, while it is observed at 1315 cm™! for the
ND ‘HT-Ann-1000’. Compared to the peak position at 1332 cm™! in both the ND ‘Ann’ and bulk
diamond [58], these values are downshifted. This downshift is ascribable to the heating of the surface
graphitic layer caused by laser irradiation [119]. The normalization of the Raman spectra shown in
Figure 34B reveals that the ratio between the diamond and graphitic phases decreases with increasing
the ‘HT-Ann’ treatments temperature. This observation reflects an increasingly pronounced
graphitization process, consistently with the conclusions drawn from the electrical characterization

results discussed earlier.
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ND sample 1Z],s (MQ) 1Z]go (MQ) Ratio between |Z|,s and |Z|,,

Ann (800 °C) 6700 = 1500 620 = 140 11
Ann + Ox 760+ 170 3.2+0.7 238
Ann + Mild Ox 9000 + 2000 27+6 333
Ann + Ox + Ann 8300 + 1900 760 + 170 11
Ann + H,-I 2700 + 600 1000 = 200 3
Ann + Ox + H,-11 200 + 40 5913 3
HT-Ann-900 2200 + 500 1600 + 300 1
HT-4nn-950 28+ 6 17+4 2
HI1-4nn-1000 0.00070 = 0.00016  0.00064 = 0.00014 1

Figure 35-Impedance values measured from ND ('ND; 240 nm median diameter) at relative humidity ~ 25% (indicated

as |Z|2s) and relative humidity ~ 90% (indicated as | Z|s). The ratio between |Z|»s and |Z|qo is also reported.

In conclusion, the analysis of the electrical behavior of ND subjected to various thermal treatments
revealed different particles surface chemistry and structure that drive distinct conduction
mechanisms, often influenced by hydration conditions. The marked dependence of electrical
properties on RH level, as well as the improved conductivity, especially at high RH conditions,
observed in ND subjected to oxidation treatments, was proved to be connected to the presence of
oxygen-containing functional groups introduced by such processes, significantly enhancing particles
hydrophilicity and thus water adsorption. In contrast, the weak impedance dependence on RH
exhibited by the ND treated with hydrogenation processes, suggesting surface transfer doping
mechanism as electrical conduction pathway, was demonstrated to be linked to the formation of
hydrogen terminations. Finally, the conduction behavior shown by the samples annealed at high
temperature, independent of the impact of environmental water, was associated to sp> C formed by

graphitization processes, becoming more relevant at higher temperatures.

These findings elucidate the complex interplay between surface terminations, structural features, and
the electrical properties of ND, providing a detailed understanding of the mechanisms underpinning
electrical conduction, along with the effects of different thermal treatments on ND surface features.
They also guided the selection of an optimal treatment protocol for further experimental activities.
Specifically, annealing at 800 °C emerged as an effective method for standardizing the ND surface
while avoiding structural alterations caused by higher temperatures. On the other hand, the
‘Ann + Ox’ sequence was proved to be more effective than the ‘Ann + Mild Ox’ scheme in achieving
surface oxidation. Finally, the ‘4nn + Ox + H>-II’ treatment was found to optimize hydrogenation
efficiency, producing a higher density of hydrogen terminations compared to the ‘Ann + H>-I

process. Based on these considerations, ‘Ann’, ‘Ann + Ox’ and ‘Ann + Ox + H>-II’ were designated
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as standard treatments for samples processing and thus applied to modify the ND employed in the

subsequent experimental activities.

3.1.2 Impact of particle size on electrical properties

A characterization analogous to the analysis presented in the previous sub-section concerning 'ND
(240 nm median diameter) was carried out on *ND and puD (with median diameters of 55 nm and
6 um respectively) in order to assess if the behaviour of electrical properties in relationship to surface
chemistry and structure is maintained with changing particles size and investigate whether the trend
of electrical conductivity can be correlated with particle dimension. *ND and puD were processed
according to the ‘Ann + Ox’ and ‘Ann + Ox + H,-II’ treatments, as these emerged as the most
effective ones for surface oxidation and hydrogenation respectively. The formation of oxygenated
groups and hydrogen terminations on the surface of "ND and pDs through these processes was indeed

confirmed via DRIFT spectroscopy, whose results are shown in Figure 59 of appendix C.

The impedance values measured for ND and uD are displayed in Figure 36 and summarized in the
table of Figure 37, accompanied by those collected from 'ND, reported for sake of comparison. In
complete analogy with the observations on 'ND, the impedance of ND and uD was too high to be
measured by the setup in a vacuum, thus demonstrating that also in this case the presence of adsorbed

water on the surface is a crucial requirement for electrical conduction.

The graph of Figure 36A displays the results of electrical measurements carried out on the
SND ‘Ann + Ox’ and the uD ‘Ann + Ox’. Similarly to 'ND ‘4nn + Ox’, both the samples exhibit
impedance values that strongly depend on RH and decrease with increasing RH level, thus suggesting
that electrical conduction occur via the Grotthuss mechanism also in these particles. The |Z| value for
SND decreases from (64 + 14) MQ to (0.035 + 0.008) MQ from the lower to the upper boundary of
the investigated RH interval, while for uD it drops from (10000 + 2000) MQ to (42 + 9) MQ under
the same conditions. In both cases, the impedance increases by approximately three orders of
magnitude transitioning from high to low humidity conditions. It is worth noting that the impedance
values lower with decreasing particles median diameter. This trend can be easily linked with particle
size, as it is ascribable to the larger surface-to-volume ratio of smaller diamond particles, which
promotes greater water adsorption and, consequently, enhances conductivity through the action of

Grotthuss mechanism.

The outcomes of the electrical characterization of the SND ‘Ann + Ox + H>-I’ and
uD ‘Ann + Ox + H>-1II’ are shown in Figure 36B. The considerably weak impedance variation as a

function of RH exhibited by the 'ND is observed also for ND and pD and can once again be attributed

76



to surface transfer-doping conduction. As RH increases, the |Z| value decreases from
(5600 + 1300) MQ to (3800 + 900) MQ for *ND and from (200 + 40) MQ to (59 + 13) MQ for uD.
In this case, the impedance change is hence limited to approximately a factor of 1 and 20, respectively.
It is noteworthy that the increase in impedance as a function of particle size follows the somewhat
unexpected non-monotonic trend 'ND — pD — *ND, thus suggesting a more complex connection
between electrical properties and particle size in these samples. This can be rationalized by assuming
that electrical conduction is influenced by two distinct factors related to the surface doping
mechanism, namely the formation and the movement of sub-surface holes. On one side, smaller
diamond particles are expected to favor holes production due to their higher surface-to-volume ratio,
which enhances water adsorption, thus promoting transfer doping by increasing electron transfer from
the diamond phase to the water adsorbed on the surface. On the other side, it is important to account
for the fact that the holes travel through the diamond material, as they are generated below the
particles surface. Consequently, their movement should be favored within individual diamond
particles (intraparticle) rather than between different particles (interparticle), and hence more efficient
in larger particles as a result of the longer geometrical path available for charge carriers transport. A
balance between these competing mechanisms can thus take place in 'ND, resulting in their higher

conductivity compared to ND and uD.
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Figure 36-Electrical characterization of *ND (55 nm median diameter) and puD (6 um median diameter) at different relative
humidity (RH) conditions. The data from the 'ND (240 nm median diameter) have been also shown for comparison

purposes. A) Samples subjected to ‘Ann + Ox.” treatment. B) Samples subjected to ‘Ann + Ox + Ha-11” treatment.
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Sample 1Z],s (MQ) |Z]oy (MQ) Ratio between |Z|,5 and |Z|y,

sND ‘Ann + Ox’ 64 + 14 0.035 + 0.008 1829

IND ‘4nn + Ox’ 760 + 170 32+0.7 238

uD ‘Ann + Ox’ 10000 + 2000 4249 238
SND ‘Ann + Ox + HAII' 5600 + 1300 3800 = 900 1
IND ‘Ann + Ox + H-II’ 200 + 40 59+ 13 3
uD ‘Ann + Ox + H-II’ 1800 + 400 90 + 20 20

Figure 37-Impedance values measured for the SND (55 nm median diameter) and uD (6 um median diameter) at relative
humidity ~ 25% (indicated as |Z|2s) and relative humidity ~ 90% (indicated as |Z|s0). The ratio between |Z|2s and |Z|go is

also displayed. The data from 'ND (240 nm median diameter) are shown for comparison purposes.

3.1.3 Hydrodynamic behavior in aqueous solution

The colloidal stability and aggregation tendency in aqueous solution of the ND subjected to ‘Ann’,
‘Ann + Ox’ and ‘Ann + Ox + H>-IT’ processes (the treatments written in blue in the scheme of Figure
31), i.e., NDam, NDox and NDn, were evaluated by means of DLS and ZP analyses. These were
conducted by dispersing ND in a 0.5 mM NaCl water solution at a particle concentration of

50 ug ml, employing bath sonication for 15 minutes.

The results of hydrodynamic measurements collected immediately after sonication are shown in
Figure 38. Figure 38A displays the size distributions by number of the different samples,
accompanied by a table in the inset showing particles polydispersity index (PDI). For the NDoy, the
size distribution shows that hydrodynamic size values are similar to the dimension of the ND in their
dry state. This, combined with their small PDI, i.e., (0.100 £ 0.015), indicates effective particle
dispersion. Such behaviour can be attributed to the remarkable hydrophilicity of NDox surface, arising
from the presence of oxygen-containing functionalities [123,172], as evidenced by the DRIFT
spectroscopy results illustrated in sub-section 3.1.1. Surface hydrophilic nature renders the ND
inclined to disperse easily, preventing them from agglomeration. On the other hand, the
hydrodynamic size values of the NDann and NDn exceed the dimension of the primary particles and
their PDI are much higher compared to that of NDox, being respectively (0.50 +0.04) and
(0.58 £ 0.07). Such observations reveal the occurrence of particles aggregation phenomena and poor
dispersibility. These can be explained by the low affinity of NDann and NDy for water, associated
with C-H species and the absence of oxygenated groups on the surface [123,172], as observable in
their DRIFT spectra (sub-section 3.1.1), making the ND prone to agglomerate. Aggregation tendency
appears to be more pronounced for NDy than for NDann, likely due to the higher abundance of surface

C-H moieties in the former compared to the latter.
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Figure 38B presents a plot of ND ZP as a function of the peak value of the DLS size distributions by
number. The graph clearly evidences that a high absolute value of ZP is correlated with better particles
dispersibility. A larger |ZP| is indeed associated with greater surface charge, which causes repulsion
between particles, thus avoiding their aggregation and ensuring suspension stability [197]. It can be
noted that all the ND samples feature a negative ZP, but the NDox exhibit higher ZP absolute value,
i.e., (32.6 £ 0.5) mV, with respect to the NDann and NDw , that respectively display |ZP| values of
(19.67 + 0.15) mV and (20.3 £ 0.2) mV. The high |ZP| measured for the NDox can once more be
linked to surface oxygenated groups, imparting a strong negative charge to the surface, leading to
effective particle suspensibility [123,210]. In contrast, the values measured for the NDann and NDn
are below the threshold of hydrodynamic stability, i.e., |ZP| = 30 mV [197], underscoring their
instability in suspension. Such instability is also visually evident in the dispersions, which change
from a turbid to an almost transparent appearance within a few minutes after sonication because of
particle aggregation. Notably, the pronounced tendency of NDann and NDy to agglomerate poses
significant challenges in performing new hydrodynamic measurements, resulting in heterogeneous
data over time, probably due to the formation of increasingly larger aggregates. This aspect of the
hydrodynamic behavior of NDan and NDn will be more deeply examined in the following, by
systematically monitoring ND suspensions over a period of up to one month, as illustrated in sub-

section 3.2.2.

To sum up, the hydrodynamic characterization of the ND samples highlighted that NDann and NDx
are inclined to aggregate in aqueous environment, unlike NDox, whose oxygenated surface moieties
promote their stability in suspension. These observations evidenced the necessity of increasing the
dispersibility of NDann and, particularly, NDn to ensure their applicability in aqueous environment

for subsequent experimental work.
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Figure 38-Results of DLS and ZP analyses from NDann, NDox and NDy ('ND; 240 nm median diameter in the dry state).
Measurements were performed in a 0.5 mM NaCl agqueous solution with a particle concentration of 50 pg ml* upon bath
sonication for 15 min. A) DLS size distribution by number and values of samples polydispersity index (PDI). B) ZP as

function of the peak size of the DLS distributions by number.

3.2 Development of hyaluronic acid (HA)-functionalized ND

This section presents the results regarding the characterization and the cellular testing of *ND (55 nm
median diameter) functionalized with hyaluronic acid (HA), which were conducted in close
collaboration with the research groups led by Prof. Silvia Mariangela Arpicco at the Drug Science
and Technology Department of the University of Torino and that lead by Prof. Chiara Riganti at the
Oncology Department of the same university. HA was attached to the surface of ND featuring
different surface chemistry, i.e., NDan, NDox and NDy, whose functionalized equivalents were
respectively labelled as “HA-NDann”, “HA-NDox” and “HA-NDn”, by employing a non-covalent
approach based on the use of a conjugate of HA and
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) phospholipid. Surface decoration with
HA was carried out with dual purpose. On one hand, it aimed to prevent ND aggregation in aqueous
environment, improving their stability in suspension. Indeed, as examined in the sub-section 3.1.3,
agglomeration problems can affect ND particles, particularly if the surface is hydrophobic. On the
other hand, functionalization intended to confer ND active targeting capabilities, particularly towards
cancer cells overexpressing the HA cluster determinant 44 (CD44) receptor. The specificity imparted
to ND by HA was sought both because it enables visualization of CD44-overexpressing cancer cells
through the intrinsic photoluminescent properties of ND due to the NV centres and also because it
can be exploited for targeted radiosensitization of these cells.
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Sub-section 3.2.1 briefly describes the synthesis of the HA/DMPE conjugate and the procedure used
for ND functionalization. Sub-section 3.2.2 instead illustrates the data from DRIFT spectroscopy,
Raman spectroscopy, photoluminescence spectroscopy, Scanning Electron Microscopy (SEM), DLS
measurements and ZP analyses in aqueous media, carried out on the ND samples both before and
after derivatization. Such comprehensive characterization, aimed at assessing particles surface
chemistry, structure, optical properties, size and morphology, as well as hydrodynamic behavior, was
conducted to gain insight into the effectiveness of the adopted functionalization approach and assess
possible alteration to the ND original properties due to HA attachment. Finally, sub-section 3.2.3
displays the results obtained from tests of the ND on different human adenocarcinoma cell lines.
These include viability assays to evaluate particle biocompatibility, as well as uptake measurements
and confocal microscopy images to assess cellular internalization via CD44 receptors and investigate

intracellular particle localization.

3.2.1 ND functionalization with a HA-phospholipid conjugate

The ND were functionalized with HA via a non-covalent functionalization method by employing a
200 kDa conjugate of hyaluronic acid and DMPE phospholipid, indicated in the following as
“HA/DMPE”. This novel and simple derivatization strategy was developed by Prof. Arpicco’s group,
who also carried out the synthesis of the HA/DMPE. In brief, they synthesized the conjugate by
linking the phospholipid to HA via amidic bonds in the presence of a soluble carbodiimide derivative,
thus obtaining a product where the phospholipid amino group is randomly linked to the carboxylic
residues of HA. For the functionalization, ND were dispersed in MilliQ® water at a concentration of

0.5 mg mI! and bath sonicated for 90 min, keeping the temperature below 25 °C. Afterwards, the

amount of HA/DMPE to give a 1:5 HA/DMPE:ND weight ratio was added to the ND suspensions,
that were bath sonicated once more for 90 min at a temperature below 25 °C. Eventually, the
suspensions were centrifuged at 11000 rpm for 5 min to remove the possible excess of HA/DMPE

and a carbazole assay was performed, confirming that all the HA/DMPE was bound to the ND surface.
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Figure 39-Structure of the HA/DMPE conjugate employed for ND (°*ND; 55 nm median diameter) functionalization,
synthesized by the researchers of the group led by Prof. Silvia Mariangela Arpicco at the Drug Science and Technology

Department of the University of Torino.

3.2.2 Characterization of HA-functionalized ND
The ND were first characterized through DRIFT spectroscopy to evaluate their surface chemistry,

assessing both the effectiveness of the thermal processes in modifying particles surface and the
success of the non-covalent functionalization with the HA-based conjugate. Samples DRIFT spectra
are reported in Figure 40A. It can be noted that the spectra of the non-functionalized particles display
several analogies with those examined in sub-section 3.1.1. The DRIFT spectrum of NDan shows
indeed distinctive features in the 3000 cm™ - 2800 cm™ spectral range, corresponding to the
asymmetric and symmetric stretching of C-H bonds (vcn) [123,124,205], no signals between 3700
cm™ and 3000 cm* associated with O-H stretching (vo-u) in surface adsorbed water and oxygen-
containing groups [211], and only a weak band at 1705 cm™ in the C=0 stretching region (vc=o)
[206]. These observations confirm the effectiveness of the annealing process in introducing C-H
moieties on the particle surface, along with the hydrophobic behavior of the NDann. On the other
hand, the spectrum of NDox exhibits a broad vo-n band, accompanied by a prominent and complex
signal at 1800 cm™, which is ascribed to C=0 stretching in various surface functionalities (such as
carboxylic acids, acid anhydrides, esters, and lactones) [206,207], and several bands in the spectral
range between 1500 cm™ and 1300 cm™, corresponding to vibrations of epoxides and ketones
[206,207], together with a shoulder at 1630 cm™!, attributed to the water bending mode [123,205].
Similarly to the NDann, both the signal at 1705 cm™ and C-H stretching vibrations can be detected
for NDox, but their intensities are respectively higher and lower than in the previous case. Such
observations underscore the success of the oxidation treatment in the formation of oxygen-containing
surface moieties, imparting high hydrophilicity to the NDox. Finally, the DRIFT spectrum of NDx
closely resembles that of NDann, revealing the absence of the vo.n band and that of the main signals
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associated with oxygenated functionalities, namely the band at 1800 cm™ and the features between
1500 cm™ and 1300 cm™!. However, C-H stretching bands intensity is enhanced in NDx compared to
NDann. These spectral features collectively demonstrate the efficacy of the hydrogenation treatment
in establishing C-H bonds on the NDy surface, thereby imparting the expected hydrophobic nature to

the particles.

Before examination of HA-NDann, HA-NDox and HA-NDw, HA alone was analyzed with the goal of
determining distinctive markers to confirm its presence on the surface of the functionalized samples.
The spectrum of HA exhibits a broad band centred at 3390 cm™, along with a faint shoulder around
3100 cm™ and signals in the 3000 cm™ - 2800 cm™ spectral region. Such bands are respectively
associated to hydrogen-bonded OH groups, N-H vibrations and C-H stretching [212]. The multiple
complex bands emerging in the spectral range between 1750 cm™ and 1500 cm™ are instead
attributed to amide | and Il and to the vibrations of various carbonyl and carboxyl groups, whereas
the broad signal spanning from 1200 cm™ to 1000 cm™! gathers C-O stretching vibrations in alcohols
and antisymmetric C-O-C stretching in glycosidic groups [213].

The comparison between the DRIFT spectra of the derivatized ND and those of their
non-hyaluronated equivalents highlights relevant changes in the shape of the characteristic bands of
the latter after functionalization. By comparing the spectra of HA-NDann With NDann, @ modification
in the C-H stretching signals can be observed, with a similar alteration detectable in the spectrum of
HA-NDyn when compared to NDn. On the other hand, when observing the spectrum of HA-NDox with
respect to the one of NDoy, changes can be noticed in the O-H and C=0 stretching bands. Moreover,
the presence of additional bands becomes evident in the spectra of the functionalized ND when
viewed alongside those of the ND prior to derivatization. These additional features correspond to the
distinctive bands identified for HA and are consistent across the spectra of HA-NDann, HA-NDox and
HA-NDwH. Remarkably, in the spectra of HA-NDann and HA-NDy it is possible to see the presence of
vo.-u signal, that is absent in the spectra of both NDann and NDu. Additionally, the intensity of the
bands related to C-H stretching is enhanced in the spectrum of HA-NDox compared to that of NDox.
The observed alterations in the DRIFT spectra following ND surface decoration with HA suggest
successful modification of the particles. This conclusion is further supported by the analysis of DRIFT
spectra collected at reduced HA/DMPE:ND ratios (1:10 and 1:15), shown in Figure 60 of appendix
D. These reveal a decrease in the intensity of the bands associated with HA in the ND samples
functionalized with lower amounts of the conjugate, thus confirming the correlation between the

previously commented DRIFT features and the anchoring of HA to the ND surface.
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Figure 40-DRIFT and Raman spectra of NDann, NDox and NDy samples (°*ND; 55 nm median diameter), along with those
of their functionalized counterparts, HA-NDann, HA-NDoyx and HA-NDu. A) DRIFT spectra. Also the spectrum of HA

alone is reported. B) Raman spectra (obtained after baseline subtraction).

To analyze the structure of the ND samples, detecting any potential structural alterations induced to
the particles by the functionalization, Raman spectroscopy was carried out. The corresponding results
are shown in Figure 40B. ND Raman spectra all feature the first-order Raman peak of diamond,
whereas the G-band appears only in the spectra of NDan and HA-NDann as a weak signal at 1580 cm™
[58]. These observations suggest the formation of some graphite upon the annealing treatment,
followed by its removal through subsequent oxidation and hydrogenation treatments [164],
coherently with the findings reported in [168] for this kind of ND. The Raman spectra of NDox and
HA-NDox, as well as those of NDy and HA-ND4, show a signal at 1405 cm™!, accompanied by a
broad shoulder and additional features above 1600 cm™'. These signals are not due to Raman
scattering, being instead related to the photoluminescence of NV centres [58], as will be further
discussed in the following (in connection with Figure 42). In more detail, the feature at 1405 cm™!,
corresponding to a wavelength value of 575 nm, is attributed to the zero-phonon line of NV?° centers,
whereas the other peaks are associated with phonon replicas arising from the interaction between
phonon states and electronic transitions [58]. Notably, the spectral features characterizing NDann,
NDox and NDy are conserved in the Raman spectra of their functionalized counterparts, namely HA-
NDann, HA-NDox and HA-NDw. This indicates that the attachment to the surface of HA does not
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cause alterations to the structure of the ND, preserving both diamond and graphite content of the

original particles.

With the aim of investigating the median size of the ND in their dry state and evaluating particle
morphology, SEM analysis was performed. Samples size distributions derived from SEM
micrographs are displayed in Figure 41A, Figure 41B and Figure 41C for the non-functionalized ND
and in Figure 41D, Figure 41E and Figure 41F for the hyaluronated ones. The median size diameters
(Dmed) of the NDann, NDox, and NDy align consistently with each other, being respectively 53 nm,
55 nm and 53 nm, with corresponding standard deviations (c) of 10 nm, 10 nm and 9 nm. These
values also mirror the dimensions indicated by the producer (Dmed = 50 nm + 10 nm), thus revealing
that thermal treatments do not relevantly impact on particle size. For the functionalized ND, the
median size diameters are 54 nm for HA-NDann, 55 nm for HA-NDox, and 52 nm for HA-NDy, with
corresponding standard deviations of 10 nm, 10 nm, and 8 nm, respectively, which closely match
those of their non-hyaluronated counterparts. Additionally, as shown in Figure 41, which also includes
details from SEM images of the ND, the functionalized particles exhibit the same irregular and jagged
geometry observed in the non-functionalized ND. The results from both particles size distribution and
shape analysis hence indicate that the derivatization does not discernibly affect the geometry nor the

size of the ND in their dry state.
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Figure 41- Size distributions of the ND obtained from SEM images. Particle size histograms were constructed based on
3-4 micrographs, considering 300 ND, except for ND an, Where the distribution was obtained from 168 particles.
Details from SEM micrographs displaying ND particles are also presented. A) NDann, B) NDox, C) NDu, D) HA-ND ann,
E) HA-NDoy, and F) HA-NDw.

Subsequently, ND samples were investigated through photoluminescence (PL) spectroscopy to assess
their PL properties, being these crucial for particles visualization in cells. PL spectrum was collected
not only for the ND, but also for the sole conjugate to evaluate its potential contributions in reducing
particles intrinsic fluorescence via any quenching effect. The recorded PL spectra are reported in
Figure 42, where the wavelength interval enclosed by the black-contoured rectangle corresponds to
the region displayed in Figure 40B in Raman shift values. In addition to signals arising from PL
effects, such spectral range is indeed also characterized by features due to Raman scattering, as
discussed above. The PL spectra of all the ND exhibit a broad band ranging from 600 nm to 780 nm,
which is attributed to the overlap of the phonon sidebands of NV°® and NV~ centers, spanning the
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600 nm - 750 nm and 650 nm - 750 nm wavelength ranges, respectively [77]. In the spectra of NDox,
HA-NDox, NDu, and HA-ND4, signals corresponding to the zero-phonon lines of both NV center
types are also observable. Specifically, the feature appearing at 638 nm is linked to NV~ centers, while
the one at 575 nm, falling within the contoured region and corresponding to 1405 cm™ on the Raman
shift scale, is attributed to NV° centers [77], as already previously discussed. A thorough analysis of
the PL spectra of the non-functionalized ND reveals that the fluorescence of NDy is higher than that
of NDox, with the latter in turn exhibiting enhanced fluorescence compared to NDann. This pattern
can likely be attributed to the removal of graphitic phases via oxidation and combined
oxidation + hydrogenation treatments, as suggested by Raman spectroscopy data. Graphitic phases
are indeed known to have a quenching effect on the NV centers PL, so their reduction should result
in an enhancement of particles fluorescence [166]. Interestingly, for the HA-NDann, HA-NDox, and
HA-NDu the PL remains comparable to, or in some cases exceeds, that of their unmodified
counterparts. The impact of the HA-based conjugate on the optical properties can be hence considered
negligible, as demonstrated by its PL spectrum, showing no new detectable PL bands or peaks. The
crucial conclusion that can be thus drawn from samples PL spectra is that the fluorescence properties

of'the ND are preserved upon functionalization, thereby maintaining the particles potential for cellular

visualization.
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Figure 42-Photoluminescence spectra of NDann, NDox, NDu (°ND; 55 nm median diameter) and their functionalized
equivalents HA-NDann, HA-NDox and HA-NDy, along with that of the HA/DMPE conjugate. For NDann and HA-NDann
the PL spectra are multiplied by a factor of five for better visualization. The black rectangle highlights the region shown
in Figure 40B.
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Eventually, to assess the stability and the behavior of the particles in an aqueous medium, DLS and
ZP measurements were performed on ND dispersed at a particle concentration of 50 pg ml™. These
analyses were conducted immediately after a 3 h-sonication process. The obtained results are shown
in Figure 43, reporting a plot of the ZP value for each sample against the median hydrodynamic
diameter obtained from DLS size distribution by number, along with a table showing samples
polydispersity index (PDI) values. Focusing on non-functionalized ND, it can be noted that in NDann
and NDox aggregation phenomena seems to be practically absent directly after prolonged sonication.
This can be inferred by their median hydrodynamic diameters, both measuring (59 + 4) nm, closely
matching the particles dry-state size derived via SEM microscopy, as well as by their small PDI
values, i.e., (0.18 £ 0.02) for NDanm and (0.122 £ 0.012) for NDox. In contrast, NDy appear to show
a slight tendency to clustering, as indicated by their greater median diameter of (80 + 12) nm and
their PDI of (0.21 + 0.02). Nevertheless, it should be noted that in this case the hydrodynamic size
exceeds the corresponding dry median diameter only by a factor of about 1.5, thus indicating that
aggregation is limited to only a few ND. Overall, these results hence suggest that, unlike the
15-minute sonication used for preparing the dispersions examined in sub-section 3.1.3, the
3 h-sonication effectively disperses non-functionalized ND, minimizing aggregation even for the

particles which are more prone to agglomerate, i.e., NDan and NDH.
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Figure 43-Hydrodynamic characterization results for NDam, NDox, NDn, HA-NDann, HA-NDoy, and HA-NDy (°ND,
55 nm median diameter in their dry state), illustrated as ZP values plotted against the median hydrodynamic diameters
derived from DLS measurements, along with a table reporting samples PDI values. The analyses were conducted in water

solution at a particle concentration of 50 pg ml™ after 3 hours of sonication of ND suspensions.
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In alignment with the data presented in sub-section 3.1.3, the ZP values of NDann, NDox, and NDn
are all negative. NDox again display the most negative ZP, with value of (-38 = 3) mV, reflecting the
strong negative surface charge imparted by surface oxygenated moieties, and suggesting good
particles stability in suspension [123,210]. On the other hand, NDann and NDn exhibit ZP values of
(-22.6 £ 0.3) mV and (-20.1 £ 0.7) mV respectively, both falling outside the range of hydrodynamic
stability [197], thus pointing to poor long-term suspensibility of the particles. Indeed, similarly to
what observed in sub-section 3.1.3, NDann and NDw start agglomerating shortly after sonication. This
aggregation led once more to experimental challenges in performing further hydrodynamic
measurements. Due to high clustering, which probably causes particles precipitation, thus lowering
the effective concentration of ND in suspension, DLS and ZP data collected more than a few minutes
after sonication lack reproducibility or are completely inconsistent. The severe aggregation tendency
displayed by NDann and NDn was increasingly pronounced within a few hours after sonication and
became markedly evident when monitoring the appearance of the suspensions at room temperature
over a period of several days. Figure 44A and Figure 44B show the pictures of the NDann suspension
shortly after the treatment with ultrasounds and after a week, respectively. In the former case the
particles appear as well dispersed, whereas in the latter case they have completely precipitated, as
noticeable by the transparency of the solution. An analogous behaviour was observed for the NDg,
precipitating completely over a similarly long period. In contrast, consistently with their more
negative ZP, NDox remained in a dispersed state over more days, showing a relevant visible

precipitation only after one month, as observable from Figure 44C and Figure 44D.
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Figure 44- Representative photographs of ND (°*ND, 55 nm median diameter in their dry state) dispersions immediately
after the 3 h sonication treatment and after a period of several days. A) NDan after sonication; B) NDann after 7 days;
C) NDoy after sonication; D) NDox after one month; E) HA-NDann after sonication; F) HA-NDan, after one month;
G) HA-NDox after sonication; H) HA-NDox after one month; 1) NDox with unconjugated 200 kDa HA after sonication;
J) NDox with unconjugated 200 kDa HA after one month.

Upon modification with HA/DMPE, ND hydrodynamic median diameter remains essentially
unchanged: as observable from Figure 43, the values collected for HA-NDann, HA-NDox and
HA-NDy are indeed close to those of their non-functionalized counterparts, being respectively
(59 £1) nm (59 £5) nm and (69 + 6) nm. Also PDI values do not generally modify to a relevant
extent, being (0.166 + 0.02) for HA-NDan and (0.153 + 0.015) for NDox, with a reduction with
respect to their non-functionalized counterpart observable only for HA-NDann, having PDI of (0.119
+ 0.012). On the other hand, all the functionalized ND feature relevant changes in ZP values. While
ZP remains negative, it considerably increases in absolute value, with |ZP| for HA-NDan, HA-NDox
and HA-NDw respectively equal to (33.7 £ 0.3) mV, (45.8 £ 0.5) mV and (34.9 + 0.3) mV. Such
alterations in ZP can be explained based on the effect of the carboxylic groups present in HA structure,
increasing the negative charge on the surface of the ND. This experimental evidence further supports
the conclusion of a successful modification of the particles with the HA/DMPE conjugate. A
noteworthy consideration is that the ZP values of the hyaluronated ND all lie in the hydrodynamic
stability range, suggesting enhanced stability of the particles in suspension. This was verified through
visual inspection of the suspensions over a one-month period. The appearance of the HA-NDann
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dispersion immediately after sonication and that of the same suspension after one month are
respectively shown in Figure 44E and Figure 44F, whereas analogous pictures for HA-NDox are
displayed in Figure 44G and Figure 44H. It can be noted that the hyaluronated ND maintain a high
dispersion degree and long-term stability in aqueous media thanks to the functionalization with HA
(a similar behavior to that of HA-NDan, and HA-NDox was observed for HA-NDy). Importantly,
hydrodynamic stability can be attributed to the HA being attached to the ND surface. In fact, the same
behavior is not observed when the ND particles are dispersed with unconjugated HA. This is clearly
visible in Figure 441 and Figure 44J, showing, as an example, NDox in the presence of unconjugated
200 kDa HA immediately after sonication and after one month. Unlike HA-NDox, where a high
degree of dispersion is preserved, the presence of unconjugated HA results in particle aggregation,
thus confirming that the key factor responsible for the excellent dispersibility and stability of the ND
preparations is the functionalization with the HA/DMPE conjugate. In conclusion, ND hydrodynamic
analysis demonstrates that the derivatization of ND with HA enhances particles stability in suspension
and allows the ND to maintain a high dispersion degree for a long time, preventing particles clustering

and precipitation, especially in the case of NDan, and NDp.

Taken together, the data from ND characterization prove the successful anchoring of HA to the
particle surface and show that the functionalization preserves the structural characteristics, size, and
morphology of the ND. Furthermore, the results indicate that derivatization maintains the
fluorescence properties of NV color centers, while imparting enhanced hydrodynamic stability to the
ND in aqueous solution. On the strength of these encouraging findings, the ND were then tested on

different cancer cell lines, as it will be illustrated in the following sub-section.

3.2.3 Test of HA-functionalized ND on cells

In collaboration with Prof. Chiara Riganti’s research group of the Oncology Department of the
University of Torino, the developed ND were tested on three different models of human
adenocarcinoma cells, performing cell viability assays and uptake measurements, aimed respectively
at evaluating particles cytotoxicity and internalization mediated by CD44 HA-receptors. Both
analyses were conducted at different ND concentrations and at varying times after particle incubation
into cells. Confocal microscopy was also carried out to investigate particles intracellular distribution

and assess the suitability of the ND for labelling CD44-rich cells.

Cells representative of pancreatic, breast, and lung cancers were selected for the experiments, as these
rank among the most prevalent and aggressive cancer types. For each kind of cancer, two distinct cell
lines were considered: one with low levels of the CD44 receptor (CD44'°%) and the other one with
high CD44 expression (CD44"€M) allowing for a more thorough comparison of the effects of the bare
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and HA-functionalized ND. Specifically, the chosen cells were Capan-1 (CD44°%) and PANC-1
(CD44"ie) human pancreatic adenocarcinoma cells, human breast cancer cells MCF-7 (CD44°%) and
MDA-MB-231 (CD44"") and human non-small lung cancer cells Calu-3 (CD44"°%) and
A549 (CD44Me") . The cells were maintained in their respective media (DMEM for Capan-1, PANC-1,
and MCF-7, RPMI 16140 for MDA-MB-231 and Calu-3, and HAM’s F12 for A549) containing
1% v/v penicillin-streptomycin and 10% Fetal Bovine Serum. Prior to the analyses with ND,
evaluation of the amount of surface CD44 receptor was carried out by flow cytometry as described

in [214], using a Guava Millipore flow cytometer equipped with EasyCite software.

To conduct cell viability tests, 1 x 10* cells were seeded into a 96-well white plate and incubated for

24 h, 48 h and 72 h either with fresh medium or medium containing ND at 0.5 pg ml'!, 5 ug ml”!,
10 pg ml™!, or 20 pg ml!. Cell viability was measured by assessing the cellular levels of Adenosine

TriPhosphate (ATP), which represents a marker for metabolically active cells, as its concentration
declines very rapidly under conditions of cell death or stress [215]. ATP concentration was evaluated
through the ATPlite assay system, based on the emission of photons at 560 nm wavelength due to the
chemiluminescent reaction of ATP with added luciferase enzyme and D-luciferin, which was
monitored by using a Synergy HT microplate reader. The viability was expressed as a percentage, by
normalizing the luminescence recorded for the ND-treated cells to that of the cells without the ND,

which was considered as 100%.

Figure 45 presents the results of cell viability assays performed on lung cancer cells Calu-3 (CD44/°%)
and A549 (CD44"2") ypon ND administration. The graph reveals that all the viability values remain
consistently high, with reductions not exceeding 30% even at the highest particle concentration
(20 ug ml™") and at the longest incubation time (72 h), demonstrating that the ND in all their
formulations are safe for the cells under exam. Similarly, concentration- and time-dependent
experiments demonstrate good biocompatibility of the various ND types across the other two pairs of
cell lines as well, as viability reductions again remain below 30% for all the ND concentrations and
the time points tested, as shown in Figure 61 of appendix D. Notably, the not significant differences
in cytotoxicity observed across cancer cell lines of different origins and tumor sub-type indicate that

the high biocompatibility of ND is neither tumor- nor cell line-dependent.
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Figure 45-Viability values at 24 h, 48 h and 72 h measured for human non-small lung cancer cell lines Calu-3 (CD44')
and A549 (CD44"9" incubated with NDam, NDp, NDox, HA-NDan, HA-NDy and HA-NDox (°ND; 55 nm median
diameter) at 0.5 pg mI™%, 5 ug ml?, 10 ug ml?, and 20 pg mI™. The results were obtained via chemiluminescence-based

assay performed in triplicate (n = 3 independent experiments).

After evaluating cell viability, ND cellular uptake was investigated. To this aim, 1 x 10° cells were
seeded into a 96-well black plate and incubated with ND at the same concentrations tested in viability
assays, i.e., 0.5 pg ml™', 5 uyg ml™*, 10 ug ml™', and 20 ug ml™', for time periods of 1 h, 3 h, 6 h, or
24 h. To specifically examine the role of CD44 receptors in the uptake process after 24 h, the cells

treated with the hyaluronated ND were investigated under three different conditions: incubated with
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ND alone, co-incubated with a saturating amount of blocking anti-CD44 antibody ab157107
(diluted 1:100), and co-incubated with excess HA (at concentration equal to 100 uM). The last two
conditions were meant to block CD44-mediated internalization via CD44 receptors inhibition or
saturation respectively, thus enabling the detection of possible changes in the uptake of the
functionalized ND. After incubation, the cells were washed twice with Phosphate-Buffered Saline
(PBS) and then rinsed with 300 pl of PBS. To assess particle uptake, intracellular fluorescence was
measured, detecting the intrinsic fluorescence of the ND by employing a Synergy HT microplate

reader, analogously to viability tests.

The outcomes of uptake measurement for the lung cancer cells Calu-3 (CD44'°%) and A549 (CD44"2h)
are shown in Figure 46 as representative examples, while the corresponding data for the pancreas
cancer cell lines Capan-1 (CD44"°") and PANC-1 (CD44"¢") as well as those for the breast cancer
cell lines MCF-7 (CD44'°%) and MDA-MB-231 (CD44"¢")_ are presented in Figure 62 of appendix D.
The graphs show that the cellular uptake for all ND types depends on both particle concentration and
incubation time, increasing as these two parameters rise. The analysis of the results obtained from the
non-functionalized ND highlights no significant differences in uptake between CD44!°" and CD44Meh
cells, suggesting that these particles undergo non-specific internalization across the different cell
types. Notably, in Calu-3 (CD44'°%), PANC-1 (CD44"€") and MDA-MB-231 (CD44"eh) cells, NDox
are less efficiently taken up with respect to NDann and NDu (Figure 46 and Figure 62 in appendix D).
Such experimental evidence can be explained by considering the strong negative charge of the NDox
surface, originating from surface oxygenated groups, which are deprotonated at physiological pH.
This charge could reduce the efficiency of particle diffusion, due to electrostatic repulsion with
glycolipids and glycoproteins present on the cell surface [216,217]. Focusing on the hyaluronated
particles, it can be noted that in CD44/° cells their uptake is comparable but slightly enhanced with
respect to that of their non-functionalized counterparts. On one hand, this could be attributed to the
general facilitation of cellular uptake conferred by ND surface coatings, as observed in studies
involving coating with zwitterionic moieties [218]. On the other hand, such observation seems to
imply a role of HA in enhancing ND internalization through interaction with CD44 receptors,
triggering receptor-mediated endocytosis pathways. This hypothesis is supported by the significant
reduction, up to 50%, in the uptake of HA-decorated ND at 24 h when CD44-blocking antibody or
excess HA are present. However, the differences in uptake between HA-decorated ND and bare
particles are more noticeable in CD44M" cells, where, interestingly, the reduction in uptake upon
treatment with CD44-blocking antibody or excess HA reaches approximately 80%. These findings
suggest that CD44-mediated endocytosis is not the predominant uptake mechanism in CD44"°% cells,

whereas it plays a key role in CD44"eh cells, resulting in relevantly enhanced internalization of the
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functionalized ND compared to the non-functionalized ones. Taken collectively, the results hence
demonstrate that an increased particles uptake occurs upon functionalization when cells rich in CD44

receptor are the target, thus proving that the HA-coating successfully imparts targeting action to the
ND.
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Figure 46-Uptake of NDam, NDn, NDox, HA-NDam, HA-NDy and HA-NDox (*ND; 55 nm median diameter) at
0.5 ug ml%, 5 ug ml?, 10 ug mi?, and 20 pug ml%, after 1 h, 3 h, 6 h, and 24 h in human non-small lung cancer cell lines
Calu-3 (CD44'"%) and A549 (CD44"9"). The results were obtained by a fluorimetry-based assay performed in triplicate
(n =3 independent experiments). When indicated, an anti-CD44 neutralizing antibody (labelled as Ab and diluted 1:100)
or 100 uM hyaluronic acid (HA) were co-incubated. Significance levels are indicated with asterisks (*) or circles (o). The
asterisks refer to comparisons between cells treated with ND and control sample (ND-free cells): *p < 0.05; ***p < 0.001.

The circles refer instead to comparisons between the cells treated with Ab/HA and the cells without Ab/HA: cop < 0.01;
ooop <0.001.

Eventually, to assess the possibility of visualizing the ND inside the cells, thus evaluating their
potential in labelling CD44-rich cells, the intracellular distribution of NDox and HA-NDox in
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A549 (CD44"9") lung cancer cells was analyzed by means of confocal microscopy. For images
acquisition, A549 cells were grown on 22 mm cover glasses and then incubated with NDox or

HA-NDox at concentration of 100 ug ml*. After the incubation, the cells were treated for 10 min with

a PBS solution containing 0.5 ug ml™* 5-carboxy-fluorescein diacetate N-succinimidyl ester (CFSE)
fluorescent cell staining dye, enabling cells long-term visualization. The cells were then washed once
in PBS and fixed at room temperature (RT) with 4% paraformaldehyde for 15 minutes. Thereafter,
treatment with 0.1% Triton-X-100 detergent in PBS for 10 min was performed, followed by 3 washes
in PBS. Nucleus staining was then performed with 4’,6-diamidino-2-phenylindole (DAPI) fluorescent
DNA dye at 0.5 pg ml™* in PBS for 10 min at RT. Eventually, cells mounting was carried out keeping
the cells in Fluoromount™ Agqueous Mounting Medium, designed for the preservation of samples
fluorescence, avoiding photobleaching phenomena. Images were acquired using a Leica SP8 confocal
system with HyVolution 2 with a 60x objective and zoom 2x, and analyzed by employing Adobe
Photoshop CS.

Figure 47 shows the images of the cells after 6 h or 24 h of incubation with ND, demonstrating a
time-dependent accumulation for both functionalized and non-functionalized particles. Notably, the
hyaluronated ND reached the highest level of intracellular accumulation after 6 h, whereas the bare
ones attained a comparable accumulation already after 3 h (image not reported). This observation
supports the previous considerations about the mechanisms involved in cellular uptake of the
particles, corroborating the idea that internalization of non-functionalized ND occurs via non-specific
endocytosis, while functionalized ND are prevalently internalized via receptor-mediated endocytosis,
as the former process exhibits faster kinetics compared to the latter [219]. At 24 h the amount of both
types of particles inside the cells is similar, thus likely indicating a saturation in the uptake
mechanisms. Interestingly, it can be noticed that the ND are mainly localized in the perinuclear

regions.
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Figure 47-Representative microscopy images of A549 (CD44"9" lung cancer cells incubated with 100 ug ml™ NDox and
HA-NDox (CND; 55 nm median diameter) for 6h and 24 h. DAPI (4',6-diamidino-2-phenylindole) and CFSE
(5-carboxy-fluorescein diacetate N succinimidyl ester) dyes were employed to visualize the cell nuclei and the whole

cells, respectively.

In summary, cellular testing of ND demonstrate their biocompatibility, enhanced uptake in CD44-rich
cells upon functionalization with HA/DMPE, and predominant localization in proximity to the cell
nuclei following internalization. These findings underscore the potential of HA-functionalized ND
for targeted applications in CD44-overexpressing cells, including their use in cell visualization and

the specific delivery of ND to these cells for radiosensitization purposes.

3.3 ND interaction with y-photons: ROS generation and biological
effects

This section presents the results of measurements aimed at assessing the potential of ND to boost
ionizing radiation-induced ROS production, thus enhancing the susceptibility of tumour cells to
radiation. As detailed in the introduction (in sub-section 1.3.4), an increase in cellular death due to
the enhancement of ROS generation is expected when ionizing radiation is delivered in presence of
hydrogenated ND. To investigate this phenomenon, the effect of ND on the generation of "OH radicals
induced in aqueous solution by y-photon irradiation was evaluated. Terephthalic acid (TPA)
fluorogenic probe was employed to detect ‘OH species, based on its hydroxylation reaction that yields

the fluorescent 2-hydroxyterephthalic acid (HTPA), allowing for the indirect determination of ‘OH
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concentration via fluorescence spectroscopy. Moreover, to assess the biological effects of
hydrogenated ND in combination with ionizing radiation, preliminary viability tests were conducted
on radio-resistant cancer cells following co-treatment with ND and y-photons. The above-described
analyses were carried out on a sub-set of the samples presented in the previous section (*ND with 55
nm median diameter). Specifically, the HA-decorated ND labelled as “HA-NDann” and “HA-NDy”
were selected, featuring enhanced hydrodynamic stability in aqueous environment and specificity for

CD44-rich cells, as well as their non-functionalized counterparts, i.e., NDann and NDs.

The measurements of hydroxyl radical production from y-photons-irradiated ND are illustrated in
subsection 3.3.1, along with the results of preliminary experiments conducted to define a protocol to
carry out the analyses. The outcomes of viability assays on cells co-exposed to ND and y-photons are

instead reported in sub-section 3.3.2.

3.3.1 Hydroxyl radical production from irradiated ND

Prior to analyzing hydroxyl radical production from HA-decorated and non-functionalized ND upon
y-rays exposure, some preliminary steps were undertaken to select the most suitable irradiation

conditions and define a protocol for "OH radical detection in solution.

First, the fluorescence response of the TPA fluorogenic probe was characterized by evaluating the
intensity of the fluorescence signal of the HTPA formed from TPA following irradiation at different
doses of y-photons. To this aim, TPA was dissolved in Phosphate-Buffered Saline (PBS) at a
concentration equal to 0.05 mM and the obtained solution was irradiated with y-photons at doses of
1 Gy, 2 Gy, 3 Gy, 4 Gy and 5 Gy. These dose values were chosen as they cover the typical dose range
administered during individual sessions of radiotherapy (1.5 Gy - 3 Gy) [12] and include also those
employed in previous studies to assess the radiosensitizing effects of ND [36,37,172,180]. Figure 48
shows the fluorescence intensity of the HTPA generated from the TPA solution as a function of the
delivered y-photons dose. Fluorescence intensity was determined by integrating the area under the
fluorescence peak of HTPA within the 360 nm - 560 nm wavelength range, thus it is referred to as
“mean intensity area” (A,,0qn) in the graph. The experiments were conducted in triplicate, with each
data point representing the average of 3 fluorescence spectra, and error bars indicating the maximum
semi-dispersion. The plot displays that A,,,.,, Increases linearly with the dose, thus revealing that the
data can be fitted with the equation A,,.,, = o + BD, where D represents the dose of y-photons,
whereas o and [ are respectively the values of the line intercept and slope. From the fit, the value of

o was determined to be (5.1 £ 0.5) X 103, while those of B was found to be (11.55 £ 0.14) x 103 Gy
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Figure 48-Mean intensity area of the fluorescence peak of HTPA formed from TPA dissolved in PBS (TPA concentration
equal to 0.05 mM) as a function of the delivered y-photon dose. Each data point was obtained by averaging 3 fluorescence
spectra, with error bars indicating the maximum semi-dispersion. The plot reveals a linear increase in A,,.,, With the
dose (D), fitted by the equation A,,.qn = a + BD.

Subsequently, the values of A,,.4, Were correlated with the corresponding concentration values of
"OH radicals. Since the concentration of “OH is proportional to that of the generated HTPA, it can be
assumed that each "OH radical results in the formation of one HTPA molecule. Therefore, the
concentration of hydroxyl radicals can be estimated as equivalent to the HTPA concentration. This
approximation neglects ‘OH-"OH recombination, potential reactions of *OH with other ROS species
and conversion efficiency of the fluorescent probe, allowing for the establishment of a calibration
curve between fluorescence intensity and “OH concentration by evaluating A4, in solutions with
known HTPA concentrations. Such a calibration was carried out by preparing PBS solutions of HTPA
with concentrations ranging from 0.05 uM to 0.6 uM and collecting fluorescence spectra for each of
them. The resulting data are shown in Figure 49, displaying A,cqn @S @ function of HTPA
concentration. Similarly to what reported in Figure 48, each data point results from the average of 3
spectra, as the experiments were once more conducted in triplicate, with error bars representing the
maximum semi-dispersion. The graph shows that fluorescence intensity values grow linearly as
HTPA concentration increases. The concentration of “OH can thus be derived from the linear fit of
the data, yielding the equation A,,..n, = p + oc,where c represents the HTPA concentration which
can be taken equal to that of "OH radicals, while the line intercept and slope have respectively values
of p=(2+2) x 10% and 6 = (260 + 5) 103 uM™.
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Figure 49-Calibration curve correlating the intensity of HTPA fluorescence signal (A,,.q4) With HTPA concentration in
PBS solution. Each data point was obtained by averaging 3 fluorescence spectra, with error bars indicating the maximum
semi-dispersion. The dataset follows a linear trend, as highlighted by the linear fit, according to the equation

Apean = P + oc,where ¢ is HTPA concentration.

For the subsequent experiments, a standard y-photon dose of 4.1 Gy was chosen, as this value closely
aligns with that used in a previous study investigating the radiosensitizing effect of ND [36] and has
also been considered in other similar works [37,172,180], while ensuring a good signal-to-noise ratio

for the recorded fluorescence.

The effects of HA-NDan, HA-NDu, NDanmn and NDu on "OH production following y-photons
exposure were studied by irradiating the particles dispersed at 10 ug ml' concentration in the
TPA-containing PBS solution. Prior to these investigations, the concentration of "OH generated by
y-irradiation was measured in the TPA solution upon addition of hyaluronic acid (HA) alone at two
different concentrations, i.e., 2 ug ml"! and 100 pg ml!'. These measurements were conducted to
assess whether HA interferes with ‘OH detection, thereby ensuring the reliability of the tests involving
HA-functionalized ND. It is indeed well-established that HA undergoes degradation by ROS,
especially by ‘'OH, inducing chain cleavage through breakage of glycosidic bonds [220,221]. This
reaction has been indicated as the basis of HA scavenging properties towards ROS [222], which have
been demonstrated in several studies, including [223], [224], and [225]. Given these considerations,
it was essential to evaluate any potential influence of HA presence on the analyses as a validation
step. The HA concentration of 2 pg ml™! was chosen as it theoretically corresponds to the amount of
HA in solution that is non-covalently bound to the surface of the functionalized ND. This was

estimated based on the preparation protocol, where HA-decorated ND are obtained by mixing the
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HA/DMPE conjugate with the bare ND in a 1:5 weight ratio, considering that particle concentration
in the TPA solution is 10 pg ml™". On the other hand, the HA concentration of 100 pg ml' was
selected as a 50-fold higher value than the amount of HA associated with the hyaluronated ND to
represent an extreme-case scenario. Figure 50 shows ‘OH radical concentrations measured in the
HA-free solution and in the solutions with HA at the two specified concentrations. The data are
presented as box plots, obtained from 5 independent measurements for each condition. It can be noted
that in the solutions containing 2 pg ml™? and 100 ug ml™ HA, "OH concentration values are
approximately 5% and 50% lower, respectively, compared to that measured for the solution without
HA. Statistical analysis confirmed that the decrease in ‘OH concentration observed for HA at
2 ug ml™! is not significant, whereas the opposite holds true for HA at 100 ug ml™. These results
confirm the radical scavenging action of HA, while suggesting that such an effect is relevant only at
high HA concentration, as no significant suppression of "OH occurs at the concentration of HA
mimicking that present in the system due to the functionalized ND. Under the adopted experimental

conditions, interference from HA on ‘OH determination was therefore excluded.
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Figure 50-Concentration of "OH radicals generated by y-photon irradiation (4.1 Gy) in TPA solutions without HA, with
HA at2 pg ml™, and with HA at 100 pg ml™. Box plots represent five independent measurements, with mean and median
values shown respectively as squares and horizontal lines within each box. The box size indicates the standard error on
the mean. Statistical analysis was performed using ANOVA with Tukey’s multiple comparison test. The asterisks (*)

denote statistical significance compared to the solution without HA (**p < 0.01).

The graph in Figure 51 displays box plots showing the hydroxyl radical concentrations measured with
HA-NDann, HA-ND4g, and NDpn, normalized to the ‘OH concentration detected with NDann, which
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represents the control condition for this experiment.The data are illustrated as box plots drawn from
5 independent measurements for each kind of ND. For HA-NDann, no significant rise in the amount
of "OH radicals can be noted. Such a result was not unexpected, as the non-functionalized counterpart
of HA-NDann, i.e., NDan, do not exhibit ‘OH production-enhancement capabilities, while HA does
not exert any effect increasing the concentration of “OH. In contrast, in the presence of HA-NDy and
NDu, a moderate, but significant, increase in the generation of ‘OH is observed. This increment attains
approximately 15% for HA-NDy and 10% for NDgu, with a significant difference between the
HA-decorated and the non-functionalized particles. The increase in ‘OH concentration registered for
HA-ND# and NDx could be explained based on the intense emission of electrons under irradiation
that is expected from hydrogenated ND, resulting from negative electron affinity due to hydrogen
terminations. Previous studies indeed suggest that hydrogen-terminated ND are capable of amplifying
the generation of ROS through electron release, thus complementing the ROS species created by
ionizing radiation [36,37,180]. Specifically, this phenomenon has been indicated as the basis of the
radiosensitizing effect of hydrogenated ND [36]. It is interesting to notice that experimental data are
directly supported by prior findings, as they closely align with the results reported in [37] and [180],
which demonstrate a hydroxyl radical overproduction of about 10% compared to water in the
presence of hydrogen-terminated ND at 10 ug ml™'. On the other hand, the significant difference in
radical production between HA-NDn and NDp, evidencing a higher ‘OH concentration with the
former particles, could find a rationale by considering the improved hydrodynamic properties of
HA-ND4. As illustrated in sub-section 3.3.2, hyaluronated ND exhibit a better stability in aqueous
media with respect to bare ND, being less prone to aggregation. Consequently, it could be assumed
that HA-NDu expose a larger surface area to the aqueous phase. This probably results in a more
efficient transfer of emitted electrons to water molecules initiating secondary radiolysis, thus leading
to a more marked ROS enhancement compared to NDy, where instead clustering phenomena could
hinder the interaction between emitted electrons and water, reducing the efficiency of ROS

enhancement.
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Figure 51- Concentration of *OH radicals measured upon y-photon irradiation (at 4.1 Gy dose) in TPA solutions with
HA-NDanm, HA-NDy, and NDu, normalized to the *OH concentration detected with NDan *ND; 55 nm median diameter).
Box plots were obtained from 5 independent measurements, with mean and median values shown respectively as squares
and horizontal lines within each box. The box size indicates the standard error on the mean. Statistical analysis was
performed using ANOVA test with Tukey’s multiple comparison test. The asterisks (*) indicate statistical significance
compared to the reference value of 1.00 (**p < 0.01), marked by the dashed line, which represents no enhancement in

*OH production. The circles (o) instead denote significant differences between different samples (cop < 0.01).

Based on these promising outcomes, preliminary investigations were conducted to correlate the
observed differences in radical production with biological effects, testing co-treatment with y-rays

and ND on the viability of radio-resistant cancer cells, as illustrated in the following sub-section.

3.3.2 Biological effect of ND in combination with y-irradiation

With the aim of investigating the effect of ND in combination with y-photon irradiation on a cell
model, in collaboration with Prof. Chiara Riganti’s research group of the Oncology Department of
the University of Torino, preliminary viability assays were conducted on a radio-resistant cancer cell

line upon incubation with ND and subsequent y-ray exposure.

Such tests were performed on SU8686 cell line, representative of human pancreatic adenocarcinoma.
These cells were selected as a model for a tumor that is not only difficult to remove surgically, but
also inherently radioresistant. The cells were cultured in RPMI 16140 medium supplemented with
1% v/v penicillin-streptomycin and 10% fetal bovine serum. To perform viability assays, 3 x 10* cells
were seeded into a 96-well white plate and incubated overnight either with fresh medium or medium

containing NDann, HA-NDann, NDn, or HA-ND4, at the same concentration considered in “OH radical
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measurements, i.e., 10 pg ml'. The cells were exposed to y-photons at a dose of 3 Gy, and their
viability was assessed 48 h post-irradiation by determining the concentration of mitochondrial
dehydrogenase enzymes, serving as markers for metabolically active cells, via spectrophotometric
measurements. These were carried out by adding to the cells WST-1 tetrazolium salt, which is reduced
by the mitochondrial dehydrogenases to form a yellow formazan product with an absorption
maximum at 440 nm. The absorbance at this wavelength, proportional to the concentration of the
marker enzymes, was measured using a Synergy HT microplate reader. To account for background
interference, absorbance values at 660 nm were subtracted from those at 440 nm. Viability results
were expressed as a percentage, calculated by normalizing the absorbance difference at the various
conditions to the value obtained for the non-irradiated cells without ND, i.e., the control sample,

which was considered as 100%.

The results of viability measurements for both non-irradiated and irradiated cells are presented in
Figure 52. Figure 52A shows the viability values for the non-irradiated cells, both alone and with the
different types of ND, indicating no significant reduction in viability following cell incubation with
the particles. This demonstrates the lack of cytotoxicity of the ND also on this cell line, allowing to
exclude the possibility that any post-irradiation reduction in viability could be attributed to the
presence of ND. Figure 52B illustrates the viability results obtained for the cells exposed to y-rays.
Compared to the control condition, the viability of irradiated ND-free cells decreases by only
approximately 20%, confirming the radio-resistance of this cell line. In the presence of the ND in all
their formulations, viability reductions are more pronounced, suggesting an effect of the combination
between the particles and ionizing radiation on cell functioning. Notably, the viability of
v-photons-exposed cells treated with HA-NDy is reduced by approximately 40% relative to the
control case and it is significantly lower than that of the irradiated cells alone. This viability decrease
could be associated with an increased production of ROS due to HA-NDpy, as suggested by the "OH
radicals measurements examined in the previous sub-section. However, also the viability values of
irradiated cells incubated with NDann and HA-NDann are significantly reduced compared to those of
irradiated ND-free cells, while this is not the case for NDy. The latter observation could be linked to
the less efficient ROS enhancement by NDu, which probably causes the formation of these species in
a concentration that is not sufficient to produce any biological action. On the other hand, the
reductions registered in the presence of NDam and HA-NDann are more complex to explain, not being
connected with the results of the experiments presented in sub-section 3.3.1. It could be assumed that
the combined action of radiation and NDann or HA-NDam induces a cell-damaging mechanism
independent of ROS generation. However, this hypothesis would require systematic investigation

from a biological perspective to be validated. Furthermore, additional tests should be conducted to
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confirm the observed trends in the viability of irradiated cells incubated with different types of ND.
These points pave the way for future research, which should focus on further viability assays on the
same cell line, viability assessments on other cell types, and detailed biological investigations to fully

elucidate the processes responsible for potential decreases in viability.
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Figure 52-Viability values for human pancreatic cancer cells SU8686, either alone or incubated with ND ann, HA-ND ann,
NDy or HA-NDu (*ND; 55 nm median diameter) at 10 pug mlt. The results were obtained through
spectrophotometric-based assay performed in triplicate. A) Viability values for non-irradiated cells. B) Viability values
for cells exposed to y-rays (3 Gy). Statistical analysis was performed using ANOVA test with Tukey’s multiple

comparison test. The asterisks (*) indicate statistical significance compared to the viability measured for the irradiated
cells without the ND (**p < 0.01).

3.4 Ion beam-modification of ND for application in Ti-relaxometry
After tuning ND surface properties to enhance ROS production, the experimental activities focused
on optimizing ND core-related features, specifically targeting the creation and the control of NV

centers, with the aim of making ND suitable for free radical measurements via Ti-relaxometry.

As highlighted in sub-section 1.3.5, successful detection of free radicals with ND requires increasing
the concentration of NV defects, particularly NV-, through artificial methods. A common approach
for type-Ib ND involves irradiation with MeV energy proton beams to introduce new vacancies in the
lattice, followed by thermal annealing to couple these vacancies with native nitrogen impurities. In
this context, irradiation parameters are crucial for promoting NV formation in specific charge states.
Notably, ion fluence must be carefully selected to favor the creation of NV~ centers over NV° while
ensuring a good PL signal. To determine the optimal proton fluence to guarantee both these
conditions, the study detailed in sub-section 3.4.1 was conducted. Utilizing the AN2000 facility at
LNL (described in section 2.3), 'ND (240 nm median diameter) were irradiated with a 2 MeV H*

beam at different ion fluences. After undergoing post-irradiation annealing, these ND were
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characterized via photoluminescence spectroscopy to evaluate their optical properties and quantify

the produced NV/NV° ratio as a function of the proton fluence.

The results reported in sub-section 3.4.2 regard instead preliminary Ti-relaxometry characterization
of ™ND (125 nm median diameter), modified using the irradiation conditions identified as optimal in
sub-section 3.4.1. Ti-relaxometry measurements were performed at the Universitair Medisch
Centrum Groningen in collaboration with prof. Romana Schihagl’s research group, employing the

setup detailed in section 2.10.

3.4.1 Characterization of ion-beam modified ND

As described in section 2.3, sample preparation for ion beam modification consisted of dispersing
ND (details of their thermal processing in appendix A) in isopropyl alcohol, followed by their
deposition onto a silicon wafer (~ 1.5 cm x 1.5 cm), resulting in a layer with a thickness of about
30 um upon drying. With the purpose of creating new vacancies in the ND, the sample was irradiated
with a 2 MeV H" ion microbeam (10 um x 10 um) using the AN2000 accelerator at LNL, exposing
different areas to varying ion fluences in the range from 1.0 X 10* cm2to 1.2 X 10'"® cm 2. The fluence
delivered to each region was estimated from the integrated charge, collected by a Faraday cup
positioned inside the irradiation chamber, diving this value by that of the proton charge and the beam
area. After proton irradiation, the sample underwent an annealing process (details provided in
appendix A) aimed at inducing the migration of the created vacancies, thus allowing their coupling

with nitrogen atoms and, consequently, the formation of new NV centers.

The sample was analyzed via photoluminescence (PL) spectroscopy, collecting PL spectra from each
irradiated area. To study the PL signal at different fluences, the intensity of the PL ascribable to NV
centers was evaluated by calculating the integral of the collected spectra between
565 nm and 780 nm. Figure 53 A shows the plot of the integrated PL intensity against the ion fluence
delivered to the ND. Each blue point in the graph corresponds to the average of the integrals of three
different spectra acquired from each region, with error bars representing the maximum
semi-dispersion, while the dashed red line displays the integrated PL from unirradiated ND, reported
for comparison. Due to uncertainties in the estimation of the irradiated area and the integrated charge,
a 20% spatial variation of the fluence values should be also considered. It can be noted that the PL of
the ion beam-modified ND remains similar to that of the non-irradiated particles up to a fluence of
3.0 x 10'* cm™. Beyond this value, the PL intensity undergoes a remarkable enhancement, increasing
with rising fluence and finally reaching a maximum at a fluence of 3.0 x 10'® cm™, where it becomes
approximately 9-fold-higher than that of the unirradiated ND. Starting from 2.7 x 10'7 cm™, PL starts
to decrease, eventually dropping below that of the non-irradiated ND at the highest fluences explored
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(i.e., 9.0 x 107 cm™? and 1.2 x 10' cm™). The initial increase in PL can be attributed to the
introduction of a higher number of vacancies with increasing fluence, leading to the formation of
more numerous NV centers, up to the point of nitrogen impurity saturation. At first analysis, such a
saturation point seems to be the fluence at which the maximum PL intensity is achieved, i.e.,
3.0 x 10'® cm™. Notably, this value is compatible with that reported in [168] upon ND irradiation
with the same kind of ions (i.e., 2 MeV energy protons). In that work such a fluence value was
associated with an induced vacancies density (p,q) in the order of 10" cm™. Considering the atomic
density of diamond (pgigm =1.77 X 10% cm™) and a nominal concentration of nitrogen impurities
typical of HPHT diamond, i.e., about 100 ppm, the volume density of nitrogen impurities can be taken

equal to py =~ 1.77 X 10" cm3. Consequently, the above-mentioned density of ion-induced

vacancies can be estimated as comparable to py, thus supporting the previous conclusion.
Nonetheless, according to the results reported in [168], the saturation of N impurities with vacancies
takes place from an irradiation fluence of ~10'” cm™, which is slightly larger than the fluence
maximizing PL intensity. This discrepancy can be rationalized by considering that PL is limited by
the actual density of defects, due to PL quenching phenomena between the NV emitters and
surrounding defects [168]. These can cause PL decrease before reaching N impurities saturation,

finally producing the PL drop for the highest fluence values.

To correlate the observed PL intensity trend with the formation of NV centers in different charge
states, further analysis was conducted to estimate the NV/NV° ratio at each value of ion fluence. This
assessment was carried out by calculating the contributions of the two kinds of centers to the

experimental PL signal (PL®*P). Labelling PL%% and PLy/- the PL signals ascribable to NV° and

NV defects respectively, PL®*P can be expressed as:

_ exp exp
PLEP = PLS + PLYY- Eq.36

where PLS¥, and PLS, - can be rewritten according to the following equations.

NVO
poVx‘fo = q PLexp Eq.37
PLP- = b PLEYP Eq.38
PL#*P hence becomes:
PL*P = q PL®*P + b PL#*P Eq.39
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where the coefficients a and b are the relative contributions of the NV® and NV~ charge states with

respect to the total PL, so that a + b = 1. Therefore, NV-/NV° PL ratio can be obtained by evaluating
the value of g. To extract NV/NV° PL ratio from each spectrum, different linear combinations of

individual NV° and NV~ spectra were compared. Normalized spectra of mere NV° and NV-
(Syyo(A) and Sy - (4) respectively) were extrapolated from [226] and used to calculate the total NV

emission spectra Sy (1):

Snv(A) = aSyyo(4) + b Syy-(4) Eq.40

Following the normalization of each experimental spectrum, the combination of a and b best
describing the experimental data was identified by finding the values minimizing the following

expression:

> ST — Sw )Y Fad

2
where Sgio™ (1) represents the normalized experimental spectrum.

Figure 53B shows the NV /NV° PL ratio, extracted from PL spectra analysis, as a function of ion
fluence. The plot shows that the amount of NV~ centers relative to that of NV generally increases at
lower fluences, then the trend undergoes a flattening for fluences between 3.0 x 10 cm™ and
1.0 x 10'® cm, and finally a decrease, starting from 3.0 x 10 cm™. The drop of the NV /NV? ratio
by increasing ion fluence can be explained based on previous works, attributing it to the reduction in
the amount of isolated nitrogen atoms acting as electron donors, resulting in the rise of the relative
number of NV? centers. On the other hand, the increase in the NV/NV° ratio at smaller fluence values
is more difficult to interpret, as it lacks an explanation in prior studies, although such a trend has been
reported both in [227] and [168]. Nevertheless, the crucial finding emerging from Figure 53B is that
the maximum NV-/NV° is produced for fluences in the 3.0 x 10* cm?2- 1.0 x 10'® cm™ range. As
evident from Figure 53A, the maximum PL in this interval is reached at a fluence value of
1.0 x 10'® cm. This hence appears as the most suitable one for obtaining ND to be employed in
Ti-relaxometry, combining high PL signal and maximization of the relative amount of NV~ defects.
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Figure 53-PL characterization of ND ('ND; 240 nm median diameter) irradiated with 2 MeV energy protons at different
ion fluences. A) Integrated NV PL intensity as a function of the delivered ion fluence. The red dashed line represents the

PL intensity of non-irradiated ND. B) Calculated NV/NV? ratio as a function of the ion fluence.

3.4.2 Application of ion-beam modified ND in Ti-relaxometry

In collaboration with Prof. Schirhagl’s research group at the Biomedical Engineering Department of
the Universitair Medisch Centrum Groningen, preliminary Ti-relaxometry characterization was
conducted on ND irradiated with protons at a fluence of 1.0 x 10%® cm, identified as the condition
that maximizes the NV/NV? ratio while ensuring a high PL signal, to evaluate their suitability as

probes for free radical detection.

To prepare the ion-irradiated ND (details of their thermal processing in appendix A) for relaxometry
measurements, the particles were dispersed at 10 ug ml! in Milli-Q water and then deposited onto the
surface of glass-bottom quartered Petri dishes (100 pl of dispersion per compartment). Prior to
deposition, the dish surfaces were activated by oxygen plasma treatment, conducted in a plasma oven
for 15 minutes with gas pressure adjusted to 0.2 mbar. This treatment aimed to introduce hydrophilic
functional groups onto the glass surfaces, enhancing the attraction with the ND to secure firm
deposition, thus minimizing particles movement [183]. Relaxation curves were first collected on the
particles alone to determine their baseline relaxation time. Subsequently, a 100 nM solution of
gadolinium chloride (GdCls) was added to the Petri dishes (50 pul per compartment) to mimic the

presence of free radicals with paramagnetic Gd** ions and curves acquisition was repeated.

Figure 54A provides an example of Ti-relaxometry measurements conducted on the ion-irradiated

ND in the absence and presence of Gd** ions. The plot displays NV photoluminescence (PL) intensity
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as a function of dark time, normalized to the mean PL value of the last 10 data points, used as a
reference to account for the fully relaxed state of the system. Both datasets show a decreasing trend
with increasing dark time; however, this decrease appears to be more pronounced in the presence of
Gd*", suggesting a faster PL decay and, consequently, a shorter T: relaxation time under these
conditions. Such a behavior is confirmed by data fitting to a single exponential model, which reveals
a shorter T: value when the ND are exposed to Gd**. These observations align with previous studies
showing that paramagnetic species accelerate electron relaxation to the ground state in NV~
centers [52,84,185]. Figure 54B shows box plots illustrating the T: values obtained from the fitted
curves for both the ND alone and the ND with Gd3*, with each point corresponding to an individual
T measurement. Upon adding Gd** ions, T: relaxation time undergoes a significant reduction of
approximately 30%. This result seems to indicate that ion-irradiated ND effectively hold potential for
use in Ti-relaxometry as probes for paramagnetic species. Nevertheless, a relevant dispersion can be
noted among the individual data points. This variability in relaxation times could stem from the
inherent size distribution of the ND. Indeed, as demonstrated by Tetienne et al. [84], particle size
strongly affects Ti, with smaller ND exhibiting shorter T: values, due to the interaction of the NV~
electron spin with paramagnetic centers on the ND surface. Achieving a high degree of uniformity in
particle size is therefore crucial to ensure consistent T: measurements. Moreover, to assess the
sensitivity of ion-irradiated ND to different paramagnetic ion concentrations, additional tests should
be conducted to investigate the decrease in T: at varying Gd*" concentrations. Based on these
considerations, future work will focus on techniques for sorting particles by size and evaluating the
impact of Gd** concentration variation on Ti, with the goal of allowing reliable free radical detection

and quantification using the developed ND in Ti-relaxometry.
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Figure 54-Ti-relaxometry characterization of ion-irradiated ND ("ND; 125 nm median diameter). A) Example of
T;-relaxometry measurement conducted on the ND in the absence and in the presence of paramagnetic Gd®* ions. PL is
reported as normalized to the mean of the last 10 data points, taken as reference for fully-relaxed NV". To extract T time
values data were fitted to a single exponential model. B) Box plots displaying T relaxation time obtained from T; curves
fitting for ND in the absence and in the presence of paramagnetic Gd** ions. Each measurement, corresponding to a curve,
is represented as a point, whereas mean and median values are shown respectively as squares and horizontal lines within
each box. The box size indicates the standard error on the mean. Statistical analysis was performed by employing paired
samples t-test. The asterisks (*) denote statistical significance compared to the T; value in the absence of Gd®* ions
(**p < 0.01).
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4. Conclusions and future developments

The work illustrated in this thesis aimed to optimize the properties of both the surface and the core of
nanodiamonds (ND) for their application in enhancing the production of ionizing radiation-generated

Reactive Oxygen Species (ROS) and determining their concentration through Ti-relaxometry.

The first objective of the experimental activities was to develop a thorough understanding of the
effects of thermal treatments in controlled atmospheres on ND surface properties and to establish an
effective protocol for achieving specific surface modifications. To this end, ND subjected to various
thermal processes were characterized in terms of their electrical properties through electrical
measurements conducted in controlled humidity conditions. These provided indirect information into
changes in particles surface chemistry and structure, which were subsequently validated through
Diffuse Reflectance Infrared Fourier-Transform (DRIFT) spectroscopy and Raman spectroscopy and
were linked to distinct conduction mechanisms, with additional analyses focusing on the influence of
particle size. Furthermore, to assess the impact of thermally induced surface terminations on the
hydrodynamic properties of ND in aqueous solutions, Dynamic Light Scattering (DLS) and Zeta

Potential (ZP) measurements were conducted.

The study of the electrical properties of ND processed with different thermal treatments evidenced
distinct surface modifications linked to specific conduction mechanisms. Oxidized ND were found to
exhibit enhanced conductivity compared to those subjected to annealing at 800 °C, particularly at
high humidity levels, along with a pronounced dependence of conductivity on humidity. On the other
hand, hydrogenated ND were characterized by high conductivity at low humidity levels and weak
conductivity dependence with varying humidity, while the ND annealed above 900 °C showed a
conductivity that was systematically larger than the one registered in the other samples, independently
of humidity conditions. Based on DRIFT spectroscopy results, the electrical behavior of oxidized ND
was attributed to oxygenated moieties introduced onto the particle surface by oxidation, which
increase the hydrophilicity of the particles, promoting water adsorption and thus enhancing electrical
conduction via the Grotthuss mechanism. In contrast, electrical conduction in hydrogenated ND was
linked to hydrogen terminations driving water-induced surface transfer doping mechanism. In the
framework of Raman spectroscopy analysis, the electrical properties of the ND annealed above
900 °C were instead associated with graphitization of particles surface. Besides highlighting the
relationship between surface terminations, structural features, and the electrical properties of ND, the
analysis just discussed allowed to identify optimal procedures for ND surface modification.
Annealing at 800 °C was shown to effectively standardize the ND surface without causing structural
damage, while harsh oxidation treatments proved to outperform mild ones in the formation of
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oxygenated moieties. Additionally, hydrogenation processes were found to be more efficient when
performed after oxidation rather than after annealing. These treatments were thus applied for

processing ND in the following steps of the experimental work.

The electrical characterization of diamond particles of different sizes evidenced that the oxidized
samples exhibit a clear relationship between electrical properties and particle dimension, with
conductivity directly correlated to the surface area, depending on the amount of adsorbed water.
Conversely, in the hydrogenated samples the connection between electrical properties and particle
size was found to be to be more complex, suggesting that two competing mechanisms, i.e., formation
and transport of holes, influence electrical conduction in different ways, making it difficult to

establish a direct correlation between electrical conductivity and particle dimension.

DLS and ZP analyses performed on ND aqueous suspensions after 15-min sonication treatment
revealed that oxidized ND exhibit high dispersibility and stability in water-based media. Conversely,
annealed ND and hydrogenated ND showed a marked tendency to aggregate and precipitate. These
findings evidenced the need to improve the hydrodynamic behavior of ND for subsequent

experiments involving their employment in aqueous solution.

In the following phase of the experimental activity, annealed ND, oxidized ND, and hydrogenated
ND were modified through surface functionalization with hyaluronic acid (HA), aiming both at
increasing their dispersibility in aqueous environment and impart selectivity towards cells
overexpressing HA receptors (CD44) for use of the particles in clinical application. Functionalization
was implemented though a non-covalent approach using a conjugate of HA with the phospholipid
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE). Alterations to ND properties induced
by derivatization were explored thanks to a comparative analysis of the particles both before and after
surface decoration. Specifically, particles surface chemistry, structure, size, optical properties, and
hydrodynamic behavior were investigated by employing DRIFT spectroscopy, Raman spectroscopy,
Scanning Electron Microscopy, photoluminescence spectroscopy, and DLS and ZP measurements.
After characterization, the ND were also tested on three different models of human adenocarcinoma

cells, assessing their biocompatibility, uptake and cellular distribution.

DRIFT spectroscopy results revealed relevant changes in the ND spectral features upon
derivatization, which were attributed to the presence of HA anchored on the surface, thus allowing to
validate the adopted derivatization method. On the other hand, Raman spectroscopy and Scanning
Electron Microscopy evidenced that neither the structure nor the particles size in dry state were
modified by the HA/DMPE conjugate, while photoluminescence spectroscopy proved that surface

decoration preserved the fluorescence properties of Nitrogen-Vacancy (NV) color centers.
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Hydrodynamic analyses conducted after 90 minutes of sonication revealed that, although
non-functionalized particles are effectively dispersed through prolonged ultrasonic treatment, they
are not stable in suspension over time, especially in the case of annealed ND and hydrogenated ND,
aggregating quickly. Notably, functionalized ND were found to keep stability in suspension up to

one-month period, thanks to HA attached to the surface.

Viability assays across pancreatic, breast, and lung cancer cell lines indicated the biocompatibility of
both non-functionalized and HA-decorated ND with no relevant differences observed among cell
lines of different origins and tumor sub-types. Uptake measurements revealed a time- and
concentration-dependent internalization of ND into cells, with enhanced accumulation of
hyaluronated particles compared to non-functionalized ones in CD44-rich cells. These results
demonstrated the targeting capabilities of HA-decorated ND, suggesting their internalization via
CD44-mediated endocytosis, in opposition to non-specific endocytosis, likely regulating the uptake
of non-hyaluronated particles. Finally, confocal microscopy corroborated the findings from the uptake

assays, additionally revealing that ND predominantly localized in the perinuclear region.

Subsequently, the potential of the bare and hyaluronated ND to increase ROS generation under
irradiation was investigated. This assessment was done by evaluating the production of *OH radicals
formed in aqueous solution upon y-photon irradiation, employing terephthalic acid (TPA) as a
fluorogenic probe molecule. Thanks to the formation of the fluorescent 2-hydroxyterephthalic acid
(HTPA) by reaction with ‘OH, these species were detected and quantified through fluorescence
spectroscopy. To correlate radical production with biological effects, the combination of ND and

y-radiation was also preliminary tested on a radio-resistant human pancreatic cell line.

To measure "OH production, due to the well-known scavenging action of HA towards radical species,
preliminary tests were carried out to assess any potential influence of HA on the analyses. These
showed that "OH are not significantly reduced by low HA concentrations, as the one theoretically
corresponding to the amount non-covalently bound to the surface of the functionalized ND, thus
allowing to perform subsequent measurements. The data on ND samples indicate that hydrogenated
particles produce a slight enhancement in "OH generation, becoming more pronounced when they are
decorated with HA. On one hand, this phenomenon was rationalized based on the emission of
electrons expected from hydrogenated ND, which initiate secondary radiolysis by interaction with
water molecules, thus leading to ROS increase. On the other hand, the difference between bare and
hyaluronated ND was explained in terms of their different hydrodynamic behavior. As functionalized

ND exhibit improved dispersibility, they should have a larger surface area exposed to the aqueous
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phase, likely promoting the transfer of emitted electrons to water and causing more marked ROS

enhancement.

Preliminary viability assays on pancreatic adenocarcinoma cells showed that ND particles combined
with y-photon irradiation cause a relevant decrease in cell viability. Notably, treatment with
hyaluronated hydrogenated ND induces a significant reduction in viability, probably ascribable to
increased ROS production. This was not observed for non-functionalized hydrogenated ND, probably
due to a reduced effect on ROS enhancement. Nevertheless, the significant reductions in cell viability
registered with other types of ND were difficult to rationalize. Overall, these results highlighted the
need for further investigations focusing on additional viability assays, including testing on other cell
types, as well as detailed biological studies to clarify the role of the combination of ND and ionizing

radiation on cell functioning.

After addressing the aspects related to ND surface, the last part of the thesis work focused on ND
core features, specifically the creation NV centers, to render ND suitable probes for free radical
measurement via Ti-relaxometry. With the aim of identifying a procedure allowing to obtain highly
fluorescent particles characterized by a high concentration of NV~ centers, ND were irradiated with
2 MeV protons at different ion fluences in the 1.0 x 10> cm™ - 1.2 x 10" cm™ range. The particles
were then analyzed via photoluminescence spectroscopy (PL) to evaluate PL intensity and the formed
NV7/NVP° ratio in the different conditions. PL characterization of proton beam-irradiated ND showed
that PL increased at low fluences, due to the increase of NV centers concentration, and, after reaching
a maximum, decreased as a result of defects-induced PL quenching phenomena. NV/NV° ratio was
found to exhibit a similar trend, with the final decrease due to the lowering of nitrogen atoms acting
as electron donors, favoring the formation of NV° over NV-. The combination of the results allowed
to identify the fluence of 1.0 x 10'® cm as the value maximizing NV-/NV° ratio and simultaneously
enabling to obtain highly fluorescent ND. ND irradiated with protons at 1.0 x 10'® cm2 were finally
tested in preliminary Ti-relaxometry measurements to assess their performances in the detection of
paramagnetic species. Measurements performed in the presence of Gd*>* ions revealed a decrease in
Ti-relaxation time, thus evidencing the potential of the particles as probes for paramagnetic free
radicals. Nevertheless, a notable dispersion among the individual T; values was noticed. This was
attributed to the presence of ND with different sizes, showing different relaxation times. Such
observations evidenced the necessity of future activities for further optimization of the particles, by
sorting them by size, to perform reliable measurements. Moreover, also the impact of different

concentrations of paramagnetic ions should be tested.
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On the whole, the candidate investigations suggest that ND hold the potential to be used as a platform

combining ROS enhancement and measurement, paving the way for further steps in this direction.
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Appendix A
Figure 55 presents a table summarizing the details of the ‘Ox’ and ‘H:>-II’ thermal processes performed
on the 'ND (240 nm median diameter), ND (55 nm median diameter), and uD (6 pm median

diameter) described in section 3.1, as well as the *ND samples analyzed in sections 3.2 and 3.3.

Section Samples Thermal treatment  Processing details
(@) ir; 12.h, 475 °C
3.1 IND (240 nm), SND (55 nm), pD (6 pm) . -
H>-1I Ha, 2 h, 800 °C
Ox air, 36 h, 500 °C
32and 3.3 SND (55 nm)
H>-11 H,, 3 h, 850 °C

Figure 55-Details of the ‘Ox’ and ‘H>-1I" thermal processes carried out on the samples presented in sections 3.1, 3.2,
and 3.3.

Figure 56 provides the specifications for the preparation of the ion-irradiated ND examined in
section 3.4. More specifically, the schemes in Figure 56A and Figure 56B refer respectively to the
'ND (240 nm median diameter) described in sub-section 3.4.1 and the ™ND (125 nm median diameter)
outlined in sub-section 3.4.2. Notably, after irradiation with H* at 2 MeV, both samples underwent an
annealing treatment in nitrogen flux atmosphere at 800 °C for 2 h (‘4nn’) to couple nitrogen

impurities with the vacancies created by ion irradiation.

A) B)
Untreated ND |3 Ann N O Untreated ND || Deposition on silicon substrate
N,, 2 h, 800 °C air, 8 h, 500 °C P
[ )
‘l' Irradiation with H* at 2 MeV,
= 16 -2
Deposition on silicon substrate F=1010%cm
|
v )
Irradiation with H* at 2 MeV, N Ann Ann N Ox
1.0 x 10B3¢em? > F > 1.2 x 1018 cm? N,, 2,800 °C N, 2 h, 800 °C air, 8 h, 500 °C

Figure 56-Details of the preparation of the ion-irradiated ND illustrated in section 3.4. A) Processing steps applied to the
'ND (240 nm median diameter) of sub-section 3.4.1. B) Processing steps applied to the "ND (125 nm median diameter)

of sub-section 3.4.2.
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Appendix B

This appendix reports the results of additional analyses performed on the 'ND (240 nm median

diameter) illustrated in sub-section 3.1.1.

Figure 57 shows the Raman spectra of the samples labelled as ND ‘Ann’, ND ‘4nn + Ox’,
ND ‘dnn + Mild-Ox’, ND ‘Ann + Ox + Ann’, ND ‘Ann + H>-I'and ND ‘Ann + Ox + Hy-II’. It is
possible to note that the only evident feature is the first-order Raman peak of diamond at 1332 cm!,
while the graphite G-band at 1580 cm™ is not detectable. Such observations allowed to rule out the
influence of surface graphite on samples electrical properties, which have indeed a different origin
(Grotthus mechanism in surface adsorbed water or water-triggered transfer-doping), as determined

from samples DRIFT spectra (shown in Figure 32B and Figure 33B).

9000
= ND Ann
Diamond peak Mexcitation™ 992 M + Ox
8000 ' iy
7000
ND Ann
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2 3000
[
E 20000 0
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100 +—

1100 ‘1'2I06' I1'3'06' I1I4|06' '1'5'06’ '1'6106I '1'700
Raman Shift (cm™)

Figure 57-Raman spectra of the 'ND (240 nm median diameter) samples indicated as ND ‘Ann’, ND ‘Ann + Ox’,
ND ‘Ann + Mild Ox’, ND ‘Ann + Ox + Ann’, ND ‘Ann + Ha-I" and ND ‘Ann + Ox + Hy-11". The position of the diamond
peak is displayed.

Figure 58A shows the |Z| values of the ND ‘H7-Ann’ registered after 15 min vacuum exposure. These
impedances are equal to the ones measured at non-zero relative humidity, thus indicating that the
conductivity of the ND ‘H7-Ann’ is water-independent, as confirmed by DRIFT analysis. In the
DRIFT spectra from the ND ‘HT7-Ann’, shown in Figure 58B, the presence of water, as well as that of
any relevant surface moiety, is indeed not evident. The conductivity of the ND subjected to the
‘HT-Ann’ processes is therefore attributable to the sp”> phases detected by means of Raman

spectroscopy (refer to Figure 34).
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Figure 58-Electrical and spectroscopic characterization of the 'ND (240 nm median diameter) samples labelled as
ND ‘HT-Ann’. A) Values of the impedance of the ND ‘HT-Ann’ measured in vacuum (p = 0.4 mbar). B) DRIFT spectra
of the ND ‘HT-Ann’.
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Appendix C
Figure 59 display the DRIFT spectra of the *ND (55 nm median diameter) and uD (6 um) described
in sub-section 3.1.2. Besides the spectra of ‘Ann + Ox’ samples and ‘Ann+ Ox + H>-II’ samples also

those ones of the ‘4nn’ samples are shown for sake of comparison.

From Figure 59A it is possible to notice that the spectra of the *ND exhibit several analogies with
those of sub-section 3.1.1 collected from 'ND (displayed in Figure 32B and Figure 33B). The
spectrum from ND ‘4nn’ shows bands in the 2990 cm™ - 2800 cm™ range (labelled as “vc.n™),
attributable to C-H surface bonds. At the same time, such spectrum does not display features neither
between 3650 cm™ and 3000 cm™, which is the region associated to O-H stretching (indicated as
“vo.u”"), nor in the spectral range related to C=0 stretching (indicated as “vc=0"). This reveals that
both surface adsorbed water and oxygenated surface groups are absent [205-208]. On the other hand,
the spectrum of °ND ‘Ann + Ox’ is characterized by the disappearance of C-H stretching signals.
Additionally, it shows the presence of a broad band in vo.n, a band at 1800 cm™ in vc-o, and features
in the 1500 cm™ - 1300 cm™ range, which are associated with both oxygenated surface moieties and
water adsorbed on the surface [206-208]. Notably, the signature of water on *ND is evident not only
from the O-H stretching band in vo.u, but also from the signal at 1630 cm™!, which is ascribed to the
H-O-H bending mode [205]. The high surface hydrophilicity of ’ND ‘4nn + Ox’, resulting from
oxygen-containing groups, is hence confirmed. Finally, the spectrum of *ND ‘Ann + Ox + H>-Il
features prominent C-H stretching bands, along with the suppression of water-related and oxygenated

moieties-related bands, thus confirming the formation of hydrophobic surface hydrogen terminations.

Similar considerations to the ones discussed for the spectra from ND and 'ND can be applied to the
one from pDs, presented in Figure 59B. Notably, a broad feature in the 2700 cm™ - 1900 cm! spectral
range and two bands at 1344 cm™ and 1130 cm™! are visible in all of them. While the former is linked
to vibrations of the diamond lattice, the bands at 1344 cm™ and 1130 cm™! are attributed to nitrogen
impurities [228,229]. These bands are typically observed in bulk diamond [228,229] and the fact that
they could be detected also in uDs is due to their bigger size compared to *ND and 'ND, resulting in
a greater similarity of these particles with a large crystal. The spectra from puD ‘4nn’ and
uD ‘Ann + Ox + H>-II’ are featured by defined C-H stretching bands and irrelevant signals in vo-n
and vc-o. The spectrum from pD ‘Ann + Ox’ instead shows extremely faint bands in vc.n and
detectable signals ascribable to O-H and C=0 stretching, as well as the band at 1630 cm™!, due to

water H-O-H bending. The effectiveness of ‘Ox’ and ‘H>-II” processes is hence again confirmed.
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Figure 59-DRIFT spectra of the SND (55 nm median diameter) and uD (6 um) described in section 3.1.2. Besides the
spectra of the ‘Ann + Ox” samples and ‘Ann + Ox + H-11” samples, also the ones of the ‘Ann’ samples are shown for
comparison purpose. The regions of O-H stretching (vo-n), C-H stretching (vc.w) and C=0 stretching (vc-0) are marked

with dashed contours rectangles. A) DRIFT spectra of the SND. B) DRIFT spectra of the pD.
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Appendix D
This appendix presents the results of additional characterizations related to section 3.2, regarding the

functionalization of thermally treated ND (55 nm median diameter) with a HA/DMPE conjugate.

Figure 60 reports the DRIFT spectra of the NDox functionalized by employing different
HA/DMPE:ND weight ratios, namely 1:5, 1:10 and 1:15 (the samples are respectively indicated as
HA-NDox 1:5, HA-NDox 1:10, and HA-NDox 1:15), along with that of the bare NDox and of pure HA.
As discussed in sub-section 3.2.2 in relation to ND DRIFT spectroscopy characterization, reducing
the amount of conjugate relative to the particles results in a noticeable decrease in the intensity of the
bands associated with HA in the hyaluronated samples. This is particularly evident when focusing on
the signals in the 3700 cm™ - 3000 cm™ spectral range and in the 1750 cm™ - 1500 cm™ interval.
Such observations confirm that the presence of new spectral features in the HA-decorated ND is due
to the attachment of HA on the surface of the ND, allowing to further validate the conclusions

discussed in sub-section 3.2.2 on the efficacy of the functionalization approach.

HA 0.5]

NDOx |
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Figure 60-DRIFT spectra of NDox (*ND; 55 nm median diameter) functionalized by employing different HA/DMPE:ND
weight ratios , i.e., 1:5 (HA-NDoy 1), 1:10 (HA-NDox 1:10) and 1:15 (HA-NDox 1:15). Also the spectra of bare NDox and
of pure HA are reported for comparison. The spectrum labeled as “HA-NDox 15" is the one indicated simply as

“HA-NDox” in the main text.

Figure 61 presents the results of cell viability assays conducted on human pancreatic adenocarcinoma

cells Capan-1 (characterized by low CD44 receptor expression; CD44/°") and PANC-1 (characterized
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by high CD44 receptor expression; CD44"2h) as well as human breast cancer cells MCF-7 (CD44'°%)
and MDA-MB-231 (CD44"gh) As highlighted in the discussion of the graphs in Figure 45 (in
sub-section 3.2.3), the data show that viability reductions do not exceed 30% across all the tested time
points, concentration conditions, and cell types, underscoring the biocompatibility of the particles in

all the examined cases.
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Figure 61-Viability values at 24 h, 48 h and 72 h measured for human pancreatic adenocarcinoma cells Capan-1 (CD44'°%)
and PANC-1 (CD44"s"), and human breast cancer cells MCF-7 (CD44'°%) and MDA-MB-231 (CD44"9") incubated with
NDann, NDi, NDox, HA-NDann, HA-NDy and HA-NDox (®NDj; 55 nm median diameter) at 0.5 ug ml, 5 ug ml?,

10 pg m?, and 20 ug mlt. The results were obtained via chemiluminescence-based assay performed in triplicate (n = 3

independent experiments).

Figure 62 presents the results of ND cellular uptake measurements conducted on human pancreatic
adenocarcinoma cells Capan-1 (CD44"°%) and PANC-1 (CD44"#"), as well as human breast cancer
cells MCF-7 (CD44'°%) and MDA-MB-231 (CD44"2h) As mentioned in connection with the data
concerning Calu-3 (CD44"°%) and A549 (CD44"¢") lung cancer cells (in sub-section 3.2.3), particles
uptake rises with increasing ND concentration and incubation time also in these cell models. For the
bare ND, no significant differences in uptake are registered by varying CD44 expression from high

to low, while a lower internalization is observed for NDox compared to NDan, and NDy in PANC-1
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(CD44"e") and MDA-MB-231 (CD44"") cells, probably due to their negative surface charge
hindering interactions with cells surface [216,217]. On the other hand, for the hyaluronated ND the
uptake in CD44"°% cells is similar though slightly increased with respect to that of their
non-functionalized counterparts. Notably, a significant reduction in their uptake at 24 h can be
observed when CD44-blocking antibody or excess HA are present. This decrease become more
prominent when considering CD44Meh cells, where also the difference in the uptake between
HA-decorated ND and non-functionalized ones is enhanced. As commented in the main text, the
results of uptake measurements allow to confirm that functionalization with HA increases the
internalization of ND in CD44-rich cells, demonstrating that they can be effectively targeted by these

particles.
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Figure 62-Uptake of NDann, NDn, NDox, HA-NDam, HA-NDy and HA-NDox (*ND; 55 nm median diameter) at
0.5 pug ml, 5 pgml?, 10 pg mi?, and 20 ug ml2, after 1 h, 3h, 6 h, and 24 in non-small human pancreatic adenocarcinoma
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cancer cells Capan-1 (CD44"°") and PANC-1 (CD44"9"), and human breast cancer cells MCF-7 (CD44"") and
MDA-MB-231 (CD44"s"), The results were obtained by a fluorimetry-based assay performed in triplicate (n= 3
independent experiments). When indicated, an anti-CD44 neutralizing antibody (labelled as Ab and diluted 1:100) or
100 uM hyaluronic acid (HA) were co-incubated. Significance levels are indicated with asterisks (*) or circles (o). The
asterisks refer to comparisons between cells treated with ND and control sample (ND-free cells): *p < 0.05; ***p < 0.001.
The circles refer instead to comparisons between the cells treated with Ab/HA and the cells without Ab/HA: oop < 0.01;

ooop <0.001.
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