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Preface

During the last decades, micro-nanotechnology turned out to be a promising field of research. One
of its most prominent applications are found in the context of biomedicine, leading to the definition
of new disciplines known under the names of nanobiotechnology and nanomedicine. Indeed, many
micro- and nanosystems are under development with purposes such as biosensing, tissue

engineering, drug delivery, nanodiagnostic and biolabeling.

In these contexts, diamond is acquiring ever-increasing interest, due to its biocompatibility,
chemical inertness, durability and transparency. Bulk diamond has been widely studied and
modified to obtain tailored biosensors with the capability of detecting electrochemical activities of

cultured cells or biological magnetic fields.

Moreover, diamond nanocrystals (or nanodiamonds) have gained a solid reputation in the
biomedical field thanks to the possibility to easily modify their surface with specific biomolecules
or drugs, together with their applicability as fluorescent biomarkers, thanks to the presence of

optically active defects in their crystal lattice (e.g.: NV centers).

The main perspective of the work carried out in this thesis is the development and characterization
of diamond-based biosensors and drug delivery systems, by using ion beam-based techniques and

thermal modification processes of diamond.

More precisely, graphitic structures of a diamond biosensor for excitable cells analysis and
fluorescent NV centers in nanodiamonds were realized with ion-beam fabrication and characterized
with Raman/PL spectroscopy, providing useful structural and optical information for the

optimization of these processes.

In addition, nanodiamonds were also investigated in terms of surface chemistry (DRIFT
spectroscopy), dispersibility (DLS analysis) and electrical conductivity, with the final goal of

making them suitable for further biochemical functionalization and for biological optical tracking.

This activity has been conducted in the context of the Solid-State Physics group of the University
of Torino, but due to its strong interdisciplinarity, the work was carried out in close collaboration

with researchers of chemistry, drug science, electrophysiology and neuroscience.

The manuscript is organized as follows:



Chapter 1 presents the context in which the work is inserted, together with a description of
the main physical and chemical properties of diamond and nanodiamonds, as well as the
modification and ion-beam-assisted techniques for the functionalization of this material
(creation of graphitic structures and fluorescent color centers).

Chapter 2 is dedicated to the description of the instrumentation employed both for

modifying and characterizing the samples.

Chapter 3 includes a detailed description of the implemented processing techniques and
presents the main results obtained in the modification and characterization of diamond and

nanodiamonds samples.

Chapter 4 summarizes the main results and presents the conclusions of the work, together

with an overview of possible future developments of this research activity.



1 Introduction

1.1 Micro-nanotechnology

Micro-nanotechnology is an ever-growing research field that deals with the control and
manipulation of matter at the micro and nanometric level, by developing processes of synthesis,
characterization and application of nanostructured materials and devices. Its strong
interdisciplinarity requires the integration of multiple scientific fields, such as physics, chemistry,
biology, materials science, computer science and engineering.

Over the years, micro-nanotechnology gained increasing success, providing significant
technological innovations in contexts such as nanoelectronics, mechanics, energy, environmental
pollution and biomedicine. For the purposes of this thesis, it is important to deepen the aspects
related to the latter topic. Indeed, micro-nanotechnology has proven extremely proactive in this
field due to the typical size of the cells at the basis of living beings (1-10 um). The cells themselves
are constituted by different sub-micrometric compartments and macromolecules, such as nucleic
acids and proteins, which are a few nanometers sized. Healthcare applications are thus in constant
development, spacing between surgery, cancer diagnosis and therapy, identification of disease
markers, molecular imaging, implantology, tissue engineering and drug delivery [1]. In these
contexts, an increasing number of products are under clinical translation and many devices are
already found in regular clinical practice. Different microdevices have been developed to measure
with high sensitivity the responses of cells and biomolecules to mechanical [2-4], electrical,
magnetic and chemical stimuli [5] (the so-called “lab-on-a-chip”). In these devices,
microelectrodes and microchannels can be realized with dimensions comparable with those of
single cells, allowing their investigation and the recording of multiple signals at the molecular [6].
Other micrometric devices called BioMEMS (MicroElectroMechanical Systems) are already found
in pacemakers, glucose sensors, microcantilever-based systems for biomolecular detection or DNA
microarray chips and are constantly opening to huge possibilities in future biomedical
techniques [7]. In general, these miniaturized devices provide also advantages such as reduced
manufacturing cost, improved portability, smaller sample sizes and reagents quantities.
Ever-improving optical techniques are also employed to image biological microstructures and
observe molecular mechanisms inside cells and tissues [8]. Many studies demonstrated how to

integrate micro/nano fabrication techniques to shed light on the molecular mechanism of cellular



signaling and transduction, including the use of scaffolds for tissue engineering and
micro-patterned devices for cellular environment manipulation to observe the response in terms of

cells differentiation, proliferation and migration [5].

In the frame of nanobiotechnology, the most investigated and promising nanostructures with
application diagnosis and therapy are nanoparticles (NP) (Figure 1), with typical sizes ranging from
few nanometers up to 100-200 nm. Due to its centrality for this thesis, this topic will be discussed

more in detail in the next section (1.2).

1.2 Nanoparticles in biomedicine

By virtue of their size, nanoparticles possess peculiar chemical and physical properties that are
distinguished from those of bulk materials. According to their purpose, nanoparticles can be
engineered to meet specific requirements (selectivity, size, shape, biocompatibility, etc.). The

following paragraphs will present some of the current, or under development, applications.
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Figure 1: size scale and variety of potentially used nanoparticles in biomedicine [9].

1.2.1 Drug delivery
Drug delivery refers to all the approaches and technologies aimed at developing drug transport
systems to specific targets in the human body [10]. The intention is to implement selective
conveyance at the site of the pathology, overcoming biological barriers and avoiding healthy organs
and tissues. In this manuscript, the integration of appropriate molecules on the surface of the
nanomaterial to obtain the desired properties and specificities, will be referred as
“functionalization”. Once reached the target location, nanoparticles can be internalized into cells

mainly by endocytosis or through the formation of large pores on the cytoplasmic membrane [11].



Several treatments for cancer, pain and nanoparticle-based infections have already been introduced
into clinical practice. Among the first classes of therapeutic nanoparticles to receive approval for
cancer treatment there are liposomes, in particular liposomal doxorubicin (LD) and nab-paclitaxel
complex, consisting of chemotherapy (paclitaxel) encapsulated in an albumin micelle [1]. More
recently, liposomes have been used to deliver nucleic acid therapeutics such as small interfering
RNAs, and the first approved vaccines designed to face COVID-19 pandemic are actually based
on this technology [12]. In addition to organic systems, polymeric and inorganic nanoparticles are
also common in biomedical research [13]. Depending on their structure, they can be distinguished
into nanospheres, if the drug is dispersed within a matrix, or nanocapsules, if it is confined within
a coating membrane. Alternatively, drugs can be chemically bound to the surface of the

nanoparticles themselves.

In the following paragraphs, the main biomedical applications of nanoparticles will be briefly
discussed.

1.2.2 Cancer therapy
Cancer is a widespread disease all over the world. On average, one in three people in Europe is
diagnosed with cancer in their lifetime. The therapy methods are multiple and often not exclusive

to each other, depending on the type and the staging of the disease.

Tumor tissues are typically characterized by dense vascularization rich in fenestrations (small
pores), thus exempting a greater supply of oxygen and nutriment to support the high metabolic
activity of the cancer cells. This phenomenon is referred as “Enhanced Permeability and
Retention (EPR)” [14]. Recently the development of nanotechnology has introduced new potential
tools in the field of oncology, offering interesting innovations in both diagnostic and therapeutic
terms. In particular, nanoparticles can be engineered to take advantage of the passive effect of EPR
and to accumulate in tumor tissues [15]. However, based only on this mechanism, it is not possible
to avoid the accumulation of nanoparticles even in other tissues that naturally possess fenestrated
blood vessels such as liver and kidneys [16]. To overcome this problem, active targeting can be
carried out by attacking ligands on the surface of the nanoparticles (Figure 2). Such ligands have a
high specificity for certain receptors typically overexpressed on the membrane of cancer cells (e.g.
glycans) [17] and their integration on the nanoparticle surface can reduce or eliminate the
non-specific uptake by healthy tissues. Possible ligands include transferrin, folic acid, enzymes,

proteins and properly engineered antibodies. Another advantage of using nano-vectors is the



more effective therapy.

possibility to load on them multiple drugs, thus allowing the implementation of a combined and
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Figure 2: active and passive nanoparticles targeting mechanisms for cancer therapy [18].

1.2.3 Radiosensitizers

Nanoparticles are acquiring great interest also for enhancing radiotherapy. Often, high doses of
ionizing radiation would be necessary to better treat cancer tissues. However, the potentially
harmful effects of radiation on healthy tissues and the side effects, limit the use of higher doses. A
possible strategy is to reduce the delivered radiation dose while enhancing its effects on tumor cells
by using radiosensitizing agents (RS), which are usually constituted by macromolecules or
nanomaterials [19,20]. Due to their possibility of being delivered to the tumour environment,
different nanoparticles have been studied as RS. The principle underlying NP radio-enhancement
is their potential to release electrons under irradiation, with consequent boosting of the induced
ionization at the basis of cancer cells death (Figure 3). In this context, mainly high atomic number
metal NP, including silver, platinum, and gold [19], have been investigated. Indeed, high atomic
number materials require lower energies for photoelectric effect or Compton scattering to occur,
thus easily releasing electrons and increasing the formation of the Reactive Oxygen Species (ROS)
responsible for DNA damage and cells death. Several in-vitro and in-vivo experiments have
provided evidence for the effectiveness of radio-enhancement by metal NP [19,21]. However, some
studies have also shown that metal NP can be cytotoxic and reduce cell viability, then being
unsuitable for clinical use [22,23].
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Figure 3: radiosensitizing mechanism of a metal NP (e.g.: Au) [20].

1.2.4 Other applications

The applications of nanoparticles in biomedicine are countless, here an inexhaustive list of few

other examples is reported.

Worthwhile of mention is the necessity of transporting drugs to the central nervous system, which
is severely restricted by the blood brain barrier (BBB) that prevents the brain from harmful and
exogenous substances [24]. Some studies have shown that nanoparticles are able to facilitate the
passage of drugs through BBB [25,26].

Several infectious diseases may in the future be treated with nanoparticle therapies. Numerous
studies aimed at identifying drugs and treatment plans to combat the HIV virus. One of the
fundamental problems is inherent to the process of replication of the virus, during which a large
number of mutations make it resistant to antiviral drugs [27]. In a work by Elechiguerra et al. [28]
it has been shown that silver nanoparticles are capable of interacting with the HIV-1 virus by

inhibiting the cell attack (and therefore its replication).

Finally, superparamagnetic nanoparticles, such as iron oxide, are under investigation as contrast
agents in magnetic resonance imaging (MRI) or to induce hyperthermia in cancer tissues to destroy
the pathological cells [29,30].

1.3 Fluorescent bio-labelers

The observation and imaging of biological processes in cells or tissues with optical microscopy is
often carried out with the aid of fluorescent substances, called fluorophores. These exist in many
varieties, both organic and inorganic, and allow to locate and track the movement of specific

molecules integrated into them.
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One of the most employed fluorophores in biology is the "Green Fluorescent Protein” (GFP). Due
to its protein nature, GFP (Figure 4) can be encoded in DNA so that it is expressed in connection
with the structures to be traced in the cells of the sample under investigation. Although organic
fluorophores are widely used, they possess two main limitations consisting in a generally low
quantum yield and a high susceptibility to photobleaching phenomena (i.e.: a reduction in
fluorescence properties due to their photochemical degradation).

(a) (b)

Figure 4: (a) three-dimensional protein structure of GFP; (b) optical microscope photography of
cells in which the tubulin has been genetically marked with GFP [31].

(a) (b)
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Figure 5: (a) schematic configuration of a quantum dot, with a CdS/CdSe core and shell constituted

by ZnS, ZnSe and CdS; (b) quantum dots emission spectra depending on nanocrystal size [32].
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Also in this context, nanomaterials can provide alternative solutions. It is the case, for example, of
Quantum Dots (QD), which have a high intensity of photoluminescence and photostability. QD are
nanocrystals formed by inclusion of semiconductor material within another semiconductor with a
wider energy gap (e.g. CdSe coated by ZnS) [33]. The emission spectrum is adjustable by properly
tuning the nanocrystals size (Figure 5). Nonetheless, even such systems possess important
limitations represented mainly by their cytotoxicity [34].

In general, the development of new potential inorganic biomarkers is parallel with the discovery of
new lattice defects in solids, which introduce intermediate levels into the energy gap, thus allowing
electronic transitions at the basis of their fluorescent properties (optically active defects). This type
of emissions, due to the absence of chemical degradation typical of biomolecular systems such as

GFP, are typically characterized by high efficiency and temporal stability.

1.4 Diamond

Among the wide variety of materials under investigation for biomedical micro-nanotechnologies,
artificial diamond is emerging as one of the most appealing. Many studies highlighted its excellent
biocompatibility [35-37], which is an essential feature when willing to interface a material with
biological systems. In addition, its chemical inertness avoids interactions with the culture medium
or the cellular environment, while its wide optical transparency window makes it useable with
fluorescence microscopy. Interestingly, the electrical properties of diamond substrates can be
modified by means of either doping [38] or inducing a transition to the graphitic phase [39-41],

thus allowing the realization of conductive electrodes, as will be better discussed in 1.5.1.

Based on these properties, the solid-state physics group of the University of Torino among which
this thesis work was carried out, has been devoted for a long time to the development of this kind
of techniques to create diamond-based biosensors for detecting electrochemical signals from
cultured cells. Recently, also diamond nanocrystals, or nanodiamonds (ND), started to be
investigated by the solid-state physics research group, in parallel with the activity carried out by
the candidate. Because of its centrality in this thesis, the next paragraphs are dedicated to the
properties and the modification techniques of diamond.
1.4.1 Diamond properties

Diamond (from Greek adouag, adamas: "indestructible™) is one of the allotropic forms of carbon.
This element is a second period (group 1V) non-metal with electronic configuration [He] 2s2p2.
Its chemical combination depends on the type of hybridization of the external s and p orbitals. In
the case of diamond, hybridization is in sp® configuration, which allows the establishment of

13



covalent bonds with 4 other carbon atoms, forming a robust tetrahedral structure. Conversely, sp?
hybridized carbon is at the basis of graphite, which is characterized by overlaps of solid

hexagonal-structured planes held together by weak Van der Waals forces.
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Figure 6: carbon phase diagram [42].

Figure 6 shows the carbon phase diagram. As can be observed, diamond is synthetized only at high
pressures and temperatures (above 10 GPa and 2000 K). In environmental conditions graphite is
stable, while diamond is “metastable”, i.e. the energy needed to break its chemical bonds and turn
it into graphite is too high to occur by a spontaneous process [42]. Therefore, this peculiarity allows

it to be kinetically stable even at room temperature and atmospheric pressure.

Carbon is naturally found also in amorphous form or can be synthesized in the laboratory in new

nanostructured artificial configurations such as fullerene, graphene and nanotubes (Figure 7).

=% O
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Figure 7: allotropic forms of carbon [43]
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Crystalline structure of diamond (Figure 8) is organized in a cubic centered-face lattice (FCC) with
base of 2 carbon atoms at positions (0; 0; 0) and (1/4; 1/4; 1/4) and a lattice constant equal to
3.57 A. Thanks to its configuration, diamonds possesses a very high density p = 3.54 g cm?,
greater than that of graphite (2.26 g cm™) [44].

* sp? hybridization

* Covalent bonds

* Face-centered-cubic structure (FCC)
+ Interatomic distance: 1.54 A

« Lattice constant: 3.57 A

» Atomic density: 1.77 10?3 atoms cm

A
v

a=3.57A

Figure 8: diamond lattice cell and its characteristics [45].

Diamond presents high interatomic cohesion energy: 7.37 eV atom™ (711 kJ mol™) [44]. This

feature is at the basis of several extreme macroscopic properties, including:

e an extreme hardness value (10 on the Mohs scale), the maximum found in nature;

e high Young’s modulus (1220 GPa);

e chemical inertia and excellent biocompatibility [36].
It is also characterized by a high thermal conductivity, around 2200 W m™ K1 [46]. This property
derives from the fact that, at room temperature, the phonon density is relatively low compared to
other crystals, thus presenting a reduced probability of interaction between the lattice vibrations
themselves (higher mean free path of phonons) and resulting in a high thermal conductivity.

As observable in the band diagram reported in Figure 9, diamond has a wide indirect energy gap
(Eg=5.47 eV [47]). As a result, it presents high transparency from ultraviolet to far infrared, it is
electrically insulating at room temperature and can accommodate a high number of defects.
Noteworthy is the high refractive index: its average value in the visible spectrum is about
n =2.42 [48]. The resulting high reflectance, although determining a considerable interest in
jewelry manufacture, represents a limit when willing to detect the radiation emitted by embedded
color centers, originating from the presence of defects and impurities in the crystal lattice. The

presence of such defects introduces intermediate electronic states within the energy gap that can
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alter the optical properties of diamond, allowing radiative transitions (mainly in the visible range).
Nowadays more than 500 different color centers are known in diamond, many of which are

artificially made through ion implantation processes [46].
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Figure 9: diamond bands diagram [47].

1.4.2 Synthesis and classification of diamond
Due to its poorly standardizable characteristics and the high cost, natural diamond is unsuitable for
scientific and/or industrial applications. Therefore, in the last century artificial synthesis techniques

have been developed under controlled conditions to allow systematic reproducibility.
The most widespread techniques are summarized below.

e High Pressure High Temperature (HPHT): in this process graphite is subjected to very high
pressure and temperature conditions (around 10 GPa and 2000 K - 3000 K), thus
determining its conversion to diamond, in the energy-favorite allotropic form of carbon
[49].

e Chemical Vapor Deposition (CVD): diamond is grown through the slow deposition of
atomic layers on a low-quality single-crystal diamond substrate. The process occurs in the
controlled atmosphere containing hydrocarbons, typically methane, which provides the
carbon atoms for the deposition, while other gases, such as nitrogen and boron, can be
introduced to create specific color centers. The main advantage of this technique is the

possibility of accurately controlling the concentration of impurities [50,51].
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e Detonation diamonds: nanometer-sized diamond crystals can be synthesized in sealed
chambers by the detonation of highly explosive carbon-containing compounds, including
trinitrotoluene (TNT) and cyclotrimethyl-enetrinitramine (RDX) mixtures. Thus, the high
pressures and temperatures reached on the detonation wavefront provide the conditions for

the synthesis of diamond nanocrystals [52].

Depending on the degree of purity, diamond can be classified into 4 categories [44] based on the

nitrogen and boron content and the absorption spectrum in the visible. In particular:

e Type la: high and variable nitrogen content (100-3000 ppm). Despite the high level of
impurities, it has low absorption in the visible, making it widely employed for applications
that take advantage of the high hardness or in jewelry. Most of natural diamonds falls in
this category, while only in rare cases they can be found in the other categories.

e Type Ib: nitrogen concentration between 100-500 ppm. The light absorption window falls
in the green and blue range, making it to appear yellowish. HPHT synthesized diamond
typically belongs to this category.

e Type lla: very low nitrogen concentration (less than 10 ppm), offering excellent
transparency. It is rare in nature and is usually synthesized with the CVD technique.
Nonetheless, also HPHT techniques can be employed [53];

e Type llb: nitrogen concentrations even lower than type Ila. In this frame, the presence of

boron impurities become relevant, providing p-type semiconductor behavior.

1.4.3 Color centers in diamond

The diamond lattice can accommodate several types of defects which can consist of:

e interstitial atoms, in the presence of additional atoms in the crystal lattice;

e substitutional atoms, when a carbon atom is replaced by different atomic species;

e vacancies, in the absence of a carbon atom from its lattice position.
These defects are naturally present in diamond or can be created by ion implantation techniques
(see paragraph 1.5.2). The presence of such defects introduces additional electronic levels into the
energy gap. These levels may be close to the valence and/or conduction bands, determining a
semiconductor behavior, or deep, resulting in localized electronic states. The latter usually occurs
in the form of a fundamental state and one or more excited states, resulting in the possibility of

radiative transitions in the visible light range. In this case, the defects are named "color centers".
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Color centers can be excited via an appropriate laser source with sufficient photons energy. From
a quantum point of view, if the excitation energy is lower than the differences between the levels,
the photons can be absorbed and re-emitted assuming the creation, starting from a photon, of a
virtual state of an electron-hole pair for such a At time that At AE > h/2. Rayleigh scattering
occurs when, during the existence of such virtual state, no phonons are created or destroyed.
Conversely, as shown in Figure 10, if a phonon is created/destroyed, the photon re-emitted
following the recombination of the electron-hole pair will have an energy lower/higher than that of
excitation, resulting in the so-called Stokes/anti-Stokes Raman effect [54]. This energy shift,
referred as Raman shift, is equal to the energy of the phonon exchanged and is specific to each type
of lattice vibration. Thus, from this effect, structural information on the crystal can be obtained.
For single-crystal diamond the energy of the phonons (and therefore also the Raman Shift) is, as

expressed in wavenumber, 1332 cm [46].

(a) (b)
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Figure 10: (a) diagram of the Raman effect [55]; (b) Feynman diagram of Raman scattering.
Rayleigh scattering occurs when, during the existence of the virtual state, no phonons are created
or destroyed [56].

Fluorescence transitions can also occur with or without coupling with the lattice vibrations of the
crystal. In the first case, the interaction between electronic and phonon states during excitation or
relaxation results in a characteristic emission band called "phonons replicas™. In the absence of this
type of interaction, a very narrow spectral emission occurs, called “zero-phonon line” (ZPL), with

an energy corresponding to the energy leap of relaxation of the excited electrons.

Up to date, there is a large amount of discovered color centers in diamond (e.g.: silicon-vacancy
(Si-V) [57], germanium-vacancy (Ge-V) [58], tin-vacancy (Sn-V) [59], lead-vacancy (Pb-V) [60]),
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but for the purposes of this thesis, in the next paragraph the attention will be focused on the

nitrogen-vacancy center (N-V).

1.4.4 Nitrogen-Vacancy center
The most well-known color center is the nitrogen-vacancy center [61]. It consists of a nitrogen
substitutional atom nearby a vacancy immediately adjacent (Figure 11a). Due to its size being
similar to that of carbon, the N atom fits easily into the lattice, thus representing the most common

impurity in diamond crystals. The NV center occurs with two different charge states:

e NVO: aneutral 5-electrons (spin 1/2) system, 4 of which come from the dative bonds of the
carbon atoms adjacent to the vacancy and 1 from the fifth valence nitrogen electron. The
photoluminescence spectrum has a ZPL at 575 nm and a wide phonon sideband at higher
wavelengths (up to about 650 nm) [46];

e NV : unlike the NV° center, NV- presents a negative charge due to the presence of a sixth
electron trapped in the defect (spin 1). The ZPL is at 638 nm and the phonon band extends
beyond 800 nm. The quantum efficiency of this point defect is estimated at about 0.7 [62].

Figures 11 shows the photoluminescence spectrum (a) and the level structure (b) of the two charge

states of the NV center. Overall, this defect has a wide red emission spectrum from 550 to 750 nm.
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Figure 11: (a) structure of the NV center in the diamond lattice and photoluminescence spectra of
NV- and NV° centers under 532 nm of laser excitation; * refer to the zero-phonon-lines [63].

(b) Electronic structure of NV centers.

The concentration of nitrogen and the surface chemistry influences the position of the Fermi level
and therefore the formation of one charge state with respect to the other [64] (Figure 12). In samples
with low nitrogen concentration, without external influences, the Fermi level is about 2.75 eV

above the valence band, so over the fundamental state of the NV~ center (at 2.0 eV), which in turn
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is located above the fundamental state of the NV° center (at 1.2 eV). The presence of surface
hydrogen terminations, providing a dipole moment that can interact with NV centers near the
surface, causes the fundamental levels to bend upwards, so that the Fermi level occurs at a lower
energy than that of NV~ states. This situation makes NV° states more likely. Since nitrogen
impurities act as electron donors, as their concentration increases the Fermi level rises towards the
conduction band, thus increasing the population of the level associated with the NV state. The
effect of oxygen terminations has an opposite effect with respect to that of hydrogen, and, by
bending states downwards, it realizes a situation where NV~ states are more likely. The effect of

such interactions is appreciable up to about 20 nm deep, as it is inversely proportional to the square

of the distance.
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Figure 12: level structure of diamond containing NV centers, in the case (a) of low nitrogen
concentration and hydrogen termination, (b) high nitrogen concentration and hydrogen
termination and (c) oxygen terminations. In (a) x and y represent the depth at which the Fermi

level crosses, respectively, the NV ° and NV~ states [61].

Figure 13 shows the peculiar electronic level structure of the NV~ center. This structure can be
perturbated by a magnetic field, through the Zeeman effect and thanks to the “Optically Detected
Magnetic Resonance” (ODMR) technique it is possible to measure very weak electro-magnetic
fields [65], and likewise interestingly, also small temperature variations [66], providing appealing
perspectives also for the investigation of biological samples, with extreme spatial resolution and
sensitivity [67,68]. More details concerning this technique and preliminary measurements

conducted on nanodiamonds investigated during this thesis are reported in Appendix D.
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Figure 13: (a) level structure of the NV center [69]; (b) examples of ODMR spectra with different

applied magnetic fields. [70] Details concerning the technique are reported in Appendix D.

1.4.5 Nanodiamonds

Nanodiamonds sizes generally range between 5 nm and 300 nm. These nanocrystals can be
synthesized with several methods, among which the main ones are:

e detonation of explosive carbon-containing compounds (TNT and RDX) [71];

e monocrystalline diamond fragmentation synthesized using HPHT method [72];
e CVD with short growth times, to control the size [73];

e laser-induced phase transition [74];

distorted/strained

envelope of
P diamond layer

non-crystalline
carbon:

mixture of sp?
and sp?
bonding

oxygen-
terminated
surface

Figure 14: simplified structure of a nanodiamond [75]

As a side effect due to the stresses that occur during their synthesis process, nanodiamonds present
an onion-like structure [52] (Figure 14). In particular:
e adiamond core (phase sp®), at the basis of the luminescence properties in presence of color
centers;

e athin layer (typically up to ~1 nm) of distorted sp® phases and amorphous carbon;
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e anon-crystalline envelope of sp? phases with surface termination of hydrogen and oxygen.

The photoluminescence properties of ND make them excellent candidates for tracking fluorescent
biomarkers for in-vitro experiments [52,76—79]. Nonetheless, certain surface layers can negatively
influence the optical properties of ND, since disordered and defective carbon phases have a
quenching effect on the luminescence emitted by the color centers present in the diamond core
[81]. Indeed, an important objective of this work will be the optimization of a processing protocol
to purify ND and ameliorate their fluorescence properties.

The control of surface chemistry also plays a central role in this thesis. Surface chemical bonds or
graphitic layers, in fact, are the starting substrates for functionalization with specific molecules and
drugs [82-85]. Indeed, thanks to their excellent properties of biocompatibility and tunability of the
surface and the small achievable sizes, in the last decade ND were proposed as interesting drug

delivery systems candidates [52,86,87].

1.5 lon-beam-based modification techniques

1.5.1 Microlithography for diamond biosensors

lon beams can be exploited with the purpose of modifying materials with a high spatial resolution.
In these techniques, accelerated ions reach energies up to several MeV according to the desired
penetration depth and, once into the substrate, progressively lose their kinetic energy as a result of
the interaction with electrons and nuclei. This energy loss is mainly due to Coulomb interactions
with the electronic shells, as the cross section for nuclear collisions is significantly lower. The
phenomenon can be described with the “electronic stopping power” formula, developed by Bethe
and Bloch, which quantifies the average value of energy lost in the medium by an ion per unit of
the path travelled in the matter (dE / dx). In non-relativistic approximation, the formula (eqg. 1) can
be simplified as follows:

dE __ AnmZizie* In (Zmevf)
1

1)

2
dx MeVy

where Z; and vy are respectively the atomic number and the speed of the ion, Z» and n the atomic
number and the electron density of the target material respectively, me the mass and e the charge

of the electron and I the ionization potential.
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Bethe-Bloch curves for different heavy charged particles is shown in figure 15a.
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Figure 15: (a) electronic stopping power as a function of energy for different heavy charged
particles [88]; (b) Bragg curves for protons in aluminum at different energies

As can be evinced from the graph, the energy loss is higher at lower particle velocity, as the energy
loss of the particle is inversely proportional to the square of its velocity. When the electronic
stopping power is plotted as a function of the ion depth inside the substrate (figure 15b), the
obtained curve shows how most of the energy is deposited in correspondence of a spatially
localized peak called the “Bragg peak”, whose position depends on the initial energy of the
radiation.

Despite electronic collisions being the main energy loss mechanism, the collisions with the nuclei
of the crystal lattice play a fundamental role in ion lithography. Indeed, the amount of energy that
the ion releases during a collision with an atomic nucleus of the sample, which is typically less than
10 keV, is sufficient to induce damage in the crystalline structure of the material. This type of
interaction is strongly localized and allows the creation of defects which, in the case of diamond,
induces its amorphization if a critical threshold is overcome. The Monte Carlo code "SRIM"
(Stopping and Range of lons in Matter), developed by James F. Ziegler and Jochen P. Biersack in
1983 [89], allows to numerically simulate the effects of the interaction between the ions and the
target material. In figure 16, a SRIM simulation of the profile describing the energy loss of the ion
due to nuclear interaction in the case of He" ions accelerated to 2 MeV in diamond, is reported.
During nuclear collisions, if the energy of the impinging ions is higher than the displacement
energy of the sample atoms (i.e.: the energy required to dislocate an atom from its lattice position),
a vacancy can be created, and the undermined atom can in turn acquire further kinetic energy,
possibly creating other structural defects, until it stops becoming an interstitial defect. This new
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couple of defects is also named “Frenkel pair”. Oppositely, if the energy transmitted during the
impact is not high enough, the atom remains in its reticular position and the energy is transferred

to the crystal in the form of reticular vibrations (phonons).
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Figure 16: damage profile of 2 MeV He™ ions in diamond, as simulated with SRIM software

The MeV Deep lon Been Lithography (DIBL) for diamond modification takes advantage of these
principles and of the metastable nature of diamond to obtain graphitic microchannels at localized
depth in the sample. Indeed, if the ion fluence delivered on the substrate is enough to generate a
density of defects higher than a certain threshold value, the crystalline structure collapses,
transforming the diamond into amorphous carbon. This threshold, also referred to the graphitization
threshold, occurs at a vacancy density ranging within 2-6 x 10%? vacancies cm 3 [90-93]. By means
of a following High Temperature Thermal Annealing (HTTA) process (see section 1.6.1), the
regions whose damage is above this threshold are converted to graphite. Conversely, regions
implanted below this critical value are restored to a pristine diamond structure, since a large fraction
of the Frenkel pair defects are recombined [94].

A previous study evidenced how the graphitization level increases with the energy of the ions and
therefore as the implantation depth increases [95]. This observation can be justified by considering

the increase in the internal pressure of the implanted diamond. In fact, the conversion of diamond
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into graphite leads to an expansion of the material; however, this is limited by the diamond layer
located above the graphitic layer, which, having a higher density, hinders this expansion process.
Therefore, since greater depth reached by the ions corresponds to greater thickness of the surface
diamond layer, the internal pressure due to the expansion will determine an increase in the critical
density value of the damage. The mechanical deformation effect is called swelling and reflects the
dynamics underlying the damage to the crystal, which depends on the type of implanted ions, their
fluence, the post-implantation heat treatment temperature and the generation of local mechanical
stresses. By measuring these deformations, it has been possible to obtain an in-depth study of the
phenomenon, with the aim of determining the graphitization threshold. The results published by
F. Bosia et al. [96] were obtained from the combination of SRIM simulations with finite element
(FEM) simulations, with the aim of modeling the effects of ion implantation, such as internal
stresses and the evolution of the structural properties of the diamond following the heat treatment.
Thanks to DIBL, graphitic channels with micrometric resolution can be realized in diamond
substrates [40,41]. With this technique, over the years the solid-state physics group of the
University of Torino, managed to realize diamond-based biosensors which exploit these conductive
microchannels to measure electrochemical signals from cells (mostly neurons) directly cultured on
the sensor. These sensors are fabricated starting from a monocrystalline CVD diamond. He* beams
with few MeV of energy are generally employed. Microchannels geometry has been developed
into two versions, with sixteen or sixty graphitic microelectrodes converging in a central region
(Figure 17).

Figure 17: model of a diamond-based biosensor with embedded graphitic microchannels
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The microchannels have an average length of 2 mm, width of 20 um and a depth of 2 um. Their
thickness depends on the width of the Bragg peak of the beam used during the implantation, which
is generally between 200-500 nm. To allow the functioning of the biosensor, the exposure of the
graphitic channels to the surface is required both in correspondence of the central region, for
cells-electrodes contact, and of the peripheral regions, for the bonding with front-end electronics.
Previous modification processes developed by the solid-state physics group and published in
[97,98], solved this problem by gradually reducing the penetration depth of the ions by means of a
metal mask with a variable thickness profile directly applied on the sample surface, thus tuning the
energy of the ions impinging on the diamond substrate. The developed biosensors are meant to
detect neuronal cell culture signals, in particular action potentials and neurotransmitters release
upon exocytosis (e.g.: dopamine). To allow a better adhesion of cells on the biosensor, the diamond
surface is generally coated with a poly-L-Lysine (0.1 mg mI™).

Devices based on different materials to measure these signals are already present on the market,
such as carbon fiber microelectrodes (CFE) to perform amperometric measurements of the
exocytosis [99], or potentiometric multi-electrodes arrays (MEA) to detect neuronal action
potentials. Only a few prototypes have been developed so far to perform both kinds of detections
simultaneously from the same cellular network [37], but an optimal and easy-to-use device to this
scope is not yet available, and with this scope, the research group is working on a diamond
biosensor capable of it. In this frame, over the past years, a strong collaboration has been
established with the neuroscience division of the Department of Drug Science and Technology of

the University of Torino in order to test the sensors, leading to several publications [97,98,100,101].

1.5.2 NV centers fabrication
NV centers can be already present both in natural and artificial diamond. Nonetheless, their
concentration can be increased by means of ion-beam-based techniques. If the starting sample
contains few nitrogen impurities, these can be introduced by the implantation of nitrogen ions
[102]. Nanodiamonds used in this thesis are classified as type Ib, with a nitrogen content between
100-200 ppm. Therefore, in this case, a simple creation of new vacancies is sufficient to create a

relevant amount of NV centers.

Different damaging techniques can be employed to create vacancies, such as electron [103],
neutron [104] and ion irradiations [105]. This work will be focused on the latter technique, by using
H* beams with energies of the order of MeV, exploiting the inelastic interaction of accelerated
protons with the nuclei of the sample atoms [106]. This process can be simulated using SRIM to
determine the expected value of relevant parameters such as the depth of penetration of the ions,
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lateral and longitudinal dispersion, the created vacancy density and the energy loss due to the
interactions with electrons and nuclei. Oppositely, once selected the desired vacancy density, it is
possible to derive the ion irradiation parameters to be implemented. According to previous studies
reported in literature, the optimal displacement energy is of 50 eV [107]. Since vacancies are
produced randomly in the implanted volume, post-implantation annealing must be carried out in
order to pair them with the nitrogen impurities present (thermodynamically favored situation) and

activate the new NV (see paragraph 1.6.1).

The manufacture of new NV centers in nanodiamonds to intensify their luminescence is a central

aspect of the thesis and the experimental procedure will be discussed in detail in 3.2.4.

1.6 Bulk and surface thermal modification

Structural and surface modifications of diamond can be performed with a wide variety of thermal
or chemical processes according to the desired result. This thesis work will be mainly focused on

thermal modification.

1.6.1 High Temperature Thermal Annealing
High Temperature Thermal Annealing (HTTA) (Figure 18) is a thermal process (about 800 °C or

more) in an inert atmosphere (vacuum or argon/nitrogen flow) that has multiple objectives:

o the graphitization of any amorphous carbon phases. This is true both for diamond bulk
and nanocrystals. No transition takes place for the diamond phase, whose conversion
into graphite requires temperatures above 1100-1200 °C [108]; this process is
commonly used after ion-beam-based microlithography to induce the phase transition
of the amorphous damaged areas. As already mentioned, this conversion is to graphite
only when the graphitization threshold, is reached, while regions implanted below this
critical value are restored to a pristine diamond structure.

e the activation of color centers. Indeed, after ion implantation, ions are found in
interstitial or substitutional positions of a highly damaged lattice. The HTTA restore the
crystal structure and mobilizes the defects. More precisely, the color center formation
relies on the thermal diffusion of the native or ion-induced vacancies. In the case of
interest for this thesis, when the ion irradiation randomly creates new vacancy defects,
during HTTA these are allowed to migrate and couple with the nitrogen impurities
already present in Ib type diamond, thus forming new NV centers [105,108,109].

27



e surface chemical reduction: the vacuum or inert environment during HTTA causes a
chemical reduction of the ND surface, thus removing most of oxygen-containing groups
[110].

Figure 18: effects of annealing treatment on diamond. On the one hand it allows the graphitization
of amorphous carbon components, while on the other it allows rearranging the crystal by migrating
the vacancies next to nitrogen impurities.

1.6.2 Thermal oxidation and hydrogenation

Untreated nanodiamonds do not typically possess high luminescence and are contaminated by a
pronounced sp?> component on the surface. Thermal treatments aimed at improving these
characteristics are predominantly oxidative [111-114]. These processes are usually carried out at
temperatures between 400-550 °C in oxidizing atmosphere (air or oxygen flow). Oxygen exposure
at such temperatures results in a progressive removal of surface graphitic layers, thus decreasing
the shielding and quenching effect on the luminescence produced in the diamond core [81,111,115]
(Figure 19a).
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Figure 19: Effects of thermal processes on nanodiamonds. (a) removal effect of surface graphitic
phases by oxidation [111]; (b) surface termination following oxidation or hydrogenation [116].
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In parallel, following this treatment, many oxygen-containing groups (mainly carboxyl and
carbonyl) are formed on the surface, which in turn can represent the substrate for further chemical

functionalization (Figure 19b).

Hydrogenation of diamond surface can also be achieved through a thermal process in
hydrogen-containing atmosphere. Interestingly, since hydrogen electronegativity is lower than that
of carbon (Xn = 2.20, Xc = 2.50) [117], the C-H bond is polarized with a positive charge 5* on the
H atom. Hence, the dipole moment component of the C-H bonds perpendicular to the surface is
positive, resulting in negative electron affinity of H-diamond surface (y = -1.3 eV) [118,119]. In
contrast, oxygen terminations increase diamond electron affinity (with a positive value of +1.7 eV),
due to the high electronegativity of O (Xo = 3.44).

Hydrogen terminations also considerably decrease ionization energy, defined as the difference
between Eyac and the top of the valence band (E/), to 4.2 eV (Figure 20). Consequently,
hydrogenated diamond can transfer electrons from Ey to physiosorbed surface adsorbates,
particularly water, provided that their electron affinity exceeds this value. The phenomenon results
in the formation of a subsurface accumulation of holes, which determines a significant surface
conductivity [119].
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Figure 20: Scheme of the modification of electron affinity and ionization energy of diamond
surfaces by hydrogen and oxygen terminations and band diagrams for the clean and the fully
H/O-terminated diamond surfaces [119].

When a thin water layer formed over H-terminated diamond surfaces, it behaves as an electron
acceptor system, leaving holes on the diamond surface which acts as mobile charge carriers, thus
allowing conduction to occur [120]. Electron exchange from diamond to the water layer is driven

by the difference in the chemical potential of electrons in the liquid phase («e) and in diamond
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(Fermi level, Er) and causes the reduction of hydroxonium ions to Hz and H20. Electron transfer

is regulated by the following redox reaction:

2H;0% + 2e™ & 2H,0 + H,
and continues as long as we is below Er, until an equilibrium is reached (Figure 21).

It is worthwhile noting that the high conductivity of hydrogenated diamond is not peculiar to

hydrogenation itself, but it requires the presence of the above-mentioned water layer.
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Figure 21: surface charge transfer of hydrogenated diamond surfaces with adsorbed water
[119,120]. The consequent charge separation keeps the so-formed holes near the surface, confined
by an upward band bending potential.

The low surface sheet resistance of hydrogenated diamond films (10*-10° /o) disappears after
samples oxidation (>10%° Q) [120].

Hydrophilicity is also strongly correlated with the surface termination of diamond. Hydrogenated
diamond is hydrophobic, while oxidized surfaces display good hydrophilicity [121]. Previous
experiments of water wettability of CVD diamond films by means of contact angle measurements
showed a higher contact angle of water for hydrogenated with respect to oxidized samples. Indeed,
the dipole momentum related to C-H heteropolar bond is lower than the one associated with C-O
bond, hence reducing the interaction with water molecules [121-123].

Similarly, with bulk diamond, the above-mentioned properties are transferable to nanodiamonds.
In hydrogenated nanodiamonds (H-ND), indeed, the negative electron affinity promotes electron
emission under irradiation [117,118,123]. For this reason, H-ND are of increasing interest in the
context of radiotherapy, since they can act as sources of ROS in addition to those generated by
ionizing radiation, thus enhancing the biological damage and the therapeutic effects on cancer cells
[124-126]. The electrical properties of 5 nm detonation H-ND have been already investigated in a
previous work [127] by means of current-voltage characteristics, with ND packed in a glass

cylinder. The results showed an evident decrease in resistivity from 107 Q cm to 10° Q cm following
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hydrogenation between 600 °C — 900 °C (sp? phases were not affecting this result, since no
graphitization was observed). In light of this consideration, a legitimate doubt may arise
considering that in bulk diamond this conduction is due to the accumulation of holes below the
surface, but the model does not provide an explanation for the conduction between adjacent ND.

Although oxidized diamond does not show this effect, the hydrophilic behaviour favours the
interaction with water and its surface adsorption. The latter phenomenon is even more remarkable
for ND powders, as it affects their electrical properties. Indeed, even if for oxidized ND no
transfer-doping mechanism to allow conduction is possible, adsorbed water molecules allow charge
mobility through the Grotthuss mechanism. This phenomenon consists of the hopping of a proton
from a hydroxonium ion (HsO") to a proximal water molecule. This implies the formation of a new

H3O" ion. The process is repeated in a chain, through the reaction:
H;0* + H,0 - H,0+ H;0%

This conduction effect rises further with higher amounts of adsorbed water [128], while it
substantially drops upon heating ND in vacuum, since the treatment causes the removal of adsorbed
water [129].

1.7 Finalities of the work

The first part of this thesis is dedicated to the characterization of monocrystalline diamond samples
modified by means of ion-beam-based techniques to create graphitic conductive structures. The
activity of the candidate has been mainly focused on the Raman and the electrical characterization
of the graphitic structures, whose results were published in [101,130].

The second part is focused on the preliminary processing and characterization of nanodiamonds

for many of the applications mentioned in this introductive chapter. In particular:

e thermal modification, purification and proton irradiation to enhance the fluorescence yield,;

e thermal modification to tune the surface chemistry, hydrophilicity and electrical
conductivity.

As underlined in the previous sections, each modification process offers specific physical and

chemical properties whose in-depth characterization was carried out by combining multiple

measurement techniques, such as Raman spectroscopy to identify the content of sp® and sp? carbon,

photoluminescence spectroscopy to measure the emission spectra of luminescent defects embedded
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in nanodiamonds, DRIFT infrared spectroscopy to recognize surface chemical species, SEM / TEM
microscopy to analyze the morphology and the Dynamic Light Scattering technique to evaluate the

dispersibility of the nanoparticles in solution.

Taking advantage of the results gradually obtained during the PhD course, a solid collaboration
was established with the research group of Prof. Alessandro Barge of the Department of Drug
Science and Technology to functionalize the surface of the processed nanodiamonds with
biomolecules of potential interest for diagnostic and therapeutic applications. Furthermore, in the
last year, another collaboration was established with the group of Prof. Gallicchio of the
Department of Drug Science and Technology, with the purpose of testing the modified

nanodiamonds samples for optical tracking applications in cell cultures.
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2 Experimental set-up

This chapter is dedicated to the description of the instrumentation employed for the modification

and the characterization of the samples.

2.1 Thermal treatment furnace

A ThermoConcept ROT 60/300/12 tubular oven (figure 22) was employed for thermal treatments
of nanodiamonds. The maximum achievable temperature is 1200 ° C, with a power of 3 KW. The
control system allows the programming of treatment ramps according to the desired process

protocol. Samples are loaded inside the tube in an inert alumina crucible.
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Figure 22: tubular thermal furnace ThermoConce\pt ROT 60/300/12

For HTTA treatments, a continuous laminar flow of inert gas (Ar or N2 supplied by gas cylinders)
is established inside the tube. Hydrogenation is performed by injecting H2 produced with water
electrolysis with a “Parker Domnick Hunter 60H” Hydrogen Generator, which guarantees a gas
purity > 99.999% and 0-7 bar output pressure. The gas flow is controlled by a “Key Instruments”
flowmeter, ranging between 0.1-0.4 | min™,

Oxidation processes are performed by leaving open the tube sides for the entire duration of the

treatment so that the samples are exposed to the oxygen contained in the air (oxidizing atmosphere).

2.2 lon accelerator

lon beam-based modification of diamond was performed mainly for the creation of NV centers in

nanodiamonds. Irradiation with protons with energies of the order of a few MeV was obtained by
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using the AN2000 accelerator (Figure 23) located at the Legnaro National Laboratories (INFN).
This facility consists of a VVan der Graaf type electrostatic accelerator with a single loading stage
and a maximum terminal voltage of 2 MV. Besides protons, also monovalent helium ions (He")
can be accelerated, which were employed to create graphitic channels in bulk diamond samples to

realize the biosensors mentioned in the introduction.

The treatment chamber is equipped with a maneuverable sample holder, which allows movements
with micrometric precision along with all three directions. Furthermore, rotations with a step of 1°
are feasible, allowing an inclination of the sample with respect to the direction of the beam. The

spot diameter ranges from a few hundred of pum up to about 5 mm.

Asides from the mentioned activities, the facility is employed every year by about 30 international
research groups, for a total amount of machine time equal to 2500 hours per year. The main
experiments carried out concern the microfabrication by ion beam lithography, elemental
characterization with nuclear physics techniques, ion channeling, Elastic Recoil Detection Analysis
(ERDA), X-ray emission induced by protons (PIXE) on semiconductors, ceramics and glass

materials, environmental samples and marine aerosols.

Figure 23: AN2000 accelerator, INFN laboratories — Legnaro (PD), Italy

2.3 Electron Microscopy (SEM/TEM)

Electron microscopy allows to obtain images with nanometric resolution by using electron beam
probes. It is therefore ideal for observing the morphology and estimating the dimensions of the

nanoparticles and nanostructures.

SEM characterization was assessed with “FEI - Inspect FTM” (Figure 24a), available at

Nanofacility Piemonte (INRiM). The instrument is equipped with a Field Emission Gun (FEG)
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source and works in high vacuum (about 10 mbar). For the acquisition of nanodiamonds
micrographs, a low accelerating voltage (5 kV) was set in order to reduce charge effects and better
investigating the surface morphology, allowing for ~ 10 nm spatial resolution. The imaged samples
were prepared by dispersing the ND in isopropyl alcohol, with a concentration of ~0.1 mg ml™.
The solutions were then sonicated with Elmasonic S15H (35W ultrasonic power) and finally
deposited and dried over a silicon substrate.

TEM images were acquired with a JEOL 3010 UHR TEM microscope (Centro dell’Innovazione,
University of Torino, Figure 24b), operating at an acceleration voltage of 300 kV and allowing to
reach a resolution of 0.17 nm. Samples were prepared by depositing the same solutions employed

for the SEM specimen preparation over a lacey-carbon copper grid.

(a) SEM (b) TEM

Figure 24: (a) Inspect F™™ SEM; (b) JEOL 3010 UHR TEM

2.4 Dynamic Light Scattering (DLS)

Dynamic Light Scattering, or DLS, is a characterization technique for measuring the size of
nanoparticles and molecules in aqueous environment. The working principle exploits the Brownian
motion: the nanoparticles in solution, in fact, are constantly in motion due to the thermal agitation
of the liquid, with a velocity inversely proportional to their mass and, therefore, to their size. In
short, the technique consists in investing with a large laser beam a vial containing the solution.
After interacting with the nanoparticles, the scattered light undergoes destructive and / or
constructive interference and is finally revealed by an Avalanche Photodiode Detector (APD). The

detected "speckle pattern™ is then processed evaluating the variation of the scattering intensity over
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time. Faster variations are due to the passage of smaller nanoparticles and vice versa for slower

variations (Figure 25a).
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Figure 25: (a) exemplary schematic of the variation of the intensity signal over time due to the
motion of the nanoparticles in solution [131]; (b) schematic of a DLS measurement set-up; (c)

Zetasizer Nano ZS.
The distribution of sample sizes is generated starting from an autocorrelation function (eg. 2), given
by:

2 . = M

where | is the measured intensity, t the time and 7 delay time. Function g2 measures the correlation

()

between the time difference signals z. As z increases, the correlation decreases, since over time the
signals are increasingly independent of each other. The speed with which the autocorrelation

function decays (/') is linked to the diffusion coefficient of the nanoparticles (D), through the

" sen6

relationship I' = Dq?, where q = (with n the refractive index of the solution, Ao the
excitation wavelength of the laser and 0 the scattering angle). Finally, the Stokes - Einstein equation
(eq. 3) correlates the diffusion coefficient with the hydrodynamic diameter of the nanoparticles in

solution (dn):

kT

dy = p—— 3)

where Kk is the Boltzmann constant, T the temperature and n the viscosity of the solvent.

The instrument employed for the DLS measurements is the Zetasizer Nano ZS (Figure 25b), which

presents a measurable size range (average diameter) between 0.3 nm and 10 um, with particle
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concentration ranging from 0.1 ppm up to 40% w / v. The light source is provided by a He-Ne
633 nm laser with 4 mW power.

DLS technique is particularly indicated to assess the level of aggregation of nanoparticles in
solution, which is generally detrimental as it determines a reduction in the surface area available
for chemical functionalization, as well as difficulties in cellular uptake. To obtain information about
this issue, the same instrument can be employed also in Zeta Potential mode. This measure is related
to the surface charge of NP which determines their behaviour in colloidal suspensions and depends
both on the surface chemistry of the NP and the liquid in which they are dispersed. The main
phenomena occurring in this condition include ionization of surface groups present on the NP and
the adsorption on the NP of charged species from the liquid. Once a net surface charge is formed,
oppositely charged ions present in the solution tends to accumulate near the surface of NP, thus
originating the so-called electrical double layer. The latter is constituted by an inner layer of ions
strongly bound to the surface of the NP, referred as Stern layer, and an outer layer of ions mildly
bound, called diffuse layer. The electrostatic potential established between the external surface of
the double layer (slipping plane) and the surface of the nanoparticle (Figure 26) is defined as the
Zeta Potential (ZP, {).

@ ® @ @ ; , o
® o

@ Surface charge (negative)
® > ®

@ ®

®
Surface potential
@ @ - Stern potential
m

@ ....... - { potential
@ - @ ............................................

Distance from particle surface

Figure 26: illustration of charge distributions around nanoparticles in solutions and of the

related established electric potential as a function of the distance from the particle surface [132].
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Greater negative or positive ZP corresponds to a higher level of repulsion between NP, thus
reducing aggregation. Indeed, NP with |ZP| higher than 30 mV typically present a high degree of
stability. Conversely, lower |ZP| values induce aggregation or flocculation phenomena due to Van
der Waals interactions between the NP.

Zeta potential is usually determined by using a capillary cell with two electrodes at the ends
(Figure 27). By applying an electric field to the electrodes, the charged NP acquire a net average
velocity. The ratio between this velocity and the electrical field corresponds to the electrophoretic
mobility (Ug), which is linked to the ZP via the Henry equation [133]. The Zetasizer Nano ZS
employed in this thesis determines Ue by combining the laser Doppler anemometry (LDA) and
phase analysis light scattering (PALS). In short, the measure of the frequency shift between the
incident laser beam and the light scattered by the moving particles, which is proportional to the NP

velocity (v), allows the evaluation of the electrophoretic mobility and, eventually, the ZP [134,135]

Capillary —

Figure 27: DTS1070 cell employed in ZP measurements.

2.5 Raman spectroscopy

As described in paragraph 1.4.3, Raman spectroscopy allows the identification of the vibrations
associated with specific phases present in the sample, as well as the evaluation of its
photoluminescence properties. The instrument used for this work is the Raman spectrometer
available at the Scansetti Interdepartmental Center of the University of Turin (Figure 28). The
instrument is equipped with a solid-state Nd: YAG laser with A = 532 nm as excitation source. The
spectra are collected with a Horiba JobinYvon HR800 spectrometer with a 600 mm™ and
1800 mm* diffraction grating, which allows for a resolution of ~ 1 cm™ in Raman Shift. The
individual wavelengths are then collected by a CCD detector (cooled by a Peltier cell at - 70 ° C),
thus evaluating their intensity. An Olympus BX41 optical microscope coupled with a color video

camera allows the observation of the samples at 10 x, 20 x, 50 x and 100 x magnifications and to
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focus the laser on the desired point and focal plane. The same optical system collects the light

emitted by the sample and transfers it to the spectrometer.

The output laser power is 80 mW, but the effective power incident on the sample depends on the
objective, with the possibility of further attenuations by applying proper filters. Appendix E shows
a calibrated reference table of the actual laser power incident on the analyzed sample, depending

on the applied objective and filter.

Filters
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Figure 28: Raman spectrometer Horiba JobinYvon HR800

(Centro Scansetti, University of Torino)

2.6 DRIFT spectroscopy

By means of Diffuse Reflectance Infrared Fourier-Transform (DRIFT) spectroscopy, a sample is
invested with a polychromatic infrared light, which excites the roto-vibrational modes of the
chemical bonds present on the surface. Each type of chemical bond absorbs the applied radiation
at a specific wavelength. Therefore, by evaluating the spectrum of the diffused radiation, it is
possible to identify the presence of specific molecules and surface functional groups. As
schematized in Figure 29a, the infrared radiation can be reflected directly from the surface of the
sample ("normal specular radiation™) or can penetrate inside it originating multiple reflections
between the surfaces of the individual particles that compose it ("diffuse specular reflection™). In
the latter situation, the signal emerges from the sample isotopically with respect to the incident

beam.

In the context of this thesis, a Bruker Equinox 55 (Department of Chemistry, University of Torino),
equipped with a Spectra tech DRIFT accessory (model 0030-011), was employed for the surface
chemical characterization of nanodiamonds. As shown in Figure 29b, by means of a series of
mirrors, the infrared light is conveyed on the sample. A second mirror system transfers both normal
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and scattered specular radiation to an MCT detector (HgCdTe) operating at low temperatures
(liquid nitrogen cooling) in the mid-infrared region from 400 cm™! to 4000 cm™. Moreover, this
setup allows the acquisition of spectra in a controlled atmosphere or under vacuum (i.e., residual
pressure < 10 mbar), at a variable temperature (from room temperature up to 400 °C).

Spectra were acquired with a resolution of 2 cm™ averaged over 64 interferograms. Reflectance
data reported in this thesis have been converted in pseudo-absorbance: A = - log R, where R is the

measured reflectance.

(@) (b)

Normal specular
components

Incident
infrared

Mirrors

Figure 29: (a) diffusion of radiation by a powdered sample; (b) scheme of the internal construction
of the interferometer.

2.7 Electrical characterization

Nanodiamonds current-voltage characteristics were acquired to assess the effects of thermal
treatments on ND in terms of their electrical conduction properties. To this scope, ND powders
were loaded into a polyamide cylindrical measurement chamber (depth t = (2.85 £ 0.05) mm and
diameter d = (7.00 £ 0.05) mm) and closed with two aluminum electrodes (Figure 30a). Two
springs coupled with plastic disks, ensured the sealing of the cell and the contact of the electrodes
with the powder under uniform pressure. A Keithley 6487 picoammeter/voltage source
(Figure 30b), communicating with a computer through a LabVIEW system, was employed to
measure 1-V curves. The measure range was set between -20 V/+20 V, with steps of 1 V. The
instrument has an output impedance <100 Q and is designed to measure resistances ranging from
50 Q up to 1x10'2 Q. Finally, the resistance (R) values were calculated for each cell to compare the

electrical conduction properties of the different specimens.
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The same instrument has been used for the electrical characterization of the graphitic
microelectrodes of the diamond biosensor introduced in section 1.5.1, by applying at their ends two
microtips electrically connected to the instrument and controlled by two manipulators (30c). To
ensure a proper electrical contact, the ends of the channels were covered with small drops of

conductive silver paste.

(b)

Figure 30: (a) polyammide cylinder to contain ND for electrical measurements; (b) Keithley 6487
picoammeter/voltage source; (c) measure configuration of the conductivity of the diamond
biosensor channels.
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3 Results

3.1 Characterization of ion beam modified structures in diamond

3.1.1 B implanted diamond (AFM and Raman analysis)
In this first section, the characterization of an ion implanted diamond sample is reported. Although
a wide variety of studies already investigated this topic in the past, this study was carried out to
provide integrative systematic characterizations, exploring a range of implantation parameters still
not available in the literature. More precisely, high energy boron ions were employed, thus creating
deep B-doped regions (more than 4 pum), whose realization has promising perspective in the

development of integrated devices.

The analysis was conducted on a high-purity (“optical grade”, type Ila) monocrystalline (100)
oriented diamond, synthetized with Chemical Vapor Deposition by ElementSix™. The sample was
previously implanted by the group coordinated by Prof. Maria Dolores Ynsa of the Department of
Applied Physics of the “Universidad Autonoma de Madrid”, at the microbeam line of the “Center
for Micro Analysis of Materials” (CMAM) (Autonomous University of Madrid). An 8 MeV !B
ion beam with a spot size of 5x5 um? was employed to create 12 different square-shaped areas of

~100x100 um? size, irradiated at different fluences and ion currents (see Table 1).

Current lon fluence Estimated graphitic
Region label
(pA) (10% cm) layer thickness (um)

A 0.5
B 0.23
C 0.1
D 44 0.309 + 0.019
E 500 3.3 0.46 £0.03
F 21 0.55+£0.05
G 0.7 0.102 £ 0.018
H 0.9 0.142 £ 0.016
| 1.2 0.187 + 0.016
J 50 1
K 100 1 0.157 +0.014
L 500 1

Table 1: labels of the implanted regions with the respective ion currents and delivered fluences.
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After ion irradiation, the sample was annealed in high vacuum (3x10~" mbar pressure) at 1350 °C
for 2 h. To clean the diamond surface from graphitic layers formed due to the effect of High
Temperature Thermal Annealing (HTTA) process on surface defects [136], the sample underwent
an oxygen plasma cleaning for 15 min. In Figure 31 the optical micrograph of the sample is shown,
both before and after HTTA. As can be seen from the image, all the irradiated regions were
converted to graphite excepted areas B and C, which being irradiated at the lower fluences resulted

in the re-conversion to diamond.

Before annealing After annealing
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G H ~ I - » =} I 4
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Figure 31: optical image of the implanted regions, before and after HTTA; the squares are labelled
accordingly to Table 1.

The radiation-induced vacancy density was estimated with SRIM software, by running the
“Detailed calculation with full damage cascades” mode and by multiplying the output linear
vacancy density with the fluence delivered to each implanted area (density of diamond
p =3.52 g cm 2 and displacement energy of the carbon atoms of 50 eV were set). This estimation
is based on a rough linear approximation that does not consider concurrent complex processes such
as self-annealing or defect-defect interaction. The result is shown in Figure 32. As can be observed,
8 MeV B ions range is settled approximately at ~ 4.4 um, with a maximum value of the linear
vacancy density of ~ 800 vacancies pm * ion"t in correspondence of the Bragg peak. As discussed
in paragraph 1.5.1, according to former studies, the graphitization threshold related to ion-induced
damage occurs between 2-6x10%? vacancies cm™3. In the case of the investigated sample, this
threshold seems to have occurred around the fluence delivered in region A (corresponding to ~
4.4x102% vacancies cm3). This is further confirmed also by observing that this area resulted only
partially graphitized following HTTA, while the areas which were implanted below this threshold
recovered completely to diamond. The grey horizontal line in Figure 32 represents this threshold,

with a 10% uncertainty which was associated in order to cover both the range of different values
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reported in literature and to take into account the experimental uncertainty of the delivered fluences.
By considering the intersection of this threshold with the vacancy density plot, it is possible to
estimate the thickness of the graphitic layers (the 10% uncertainty was suitably propagated for the

error evaluation). The results are reported in Table 1.

lon fluences
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Figure 32: SRIM vacancy density profiles at the different fluences; the grey horizontal line
corresponds to the estimated graphitization threshold (ranging between 3.7x10?? vacancies cm™

and 4.5x10?? vacancies cm?).

Following the B irradiation, the group of the University of Madrid also performed AFM analysis
to study surface topography and to assess the swelling effect due to the pressure applied to the
surrounding diamond matrix by the amorphous carbon layer (as it presents a lower atomic density).
As the fluence increases, the thickness of the amorphized layers increases, thus determining a more
pronounced swelling. Figure 33 shows exemplarily the topography map (a) and the respective
cross-sectional profile (b) of the edge of area D (irradiated at 500 pA and achieving a fluence of
4.4x10' cm™). As expected, the profile evidenced the swelling effect. Moreover, the latter
appeared more pronounced in correspondence of the edges of the implanted regions, showing a
“lip” structure. This phenomenon was theoretically predicted in previous studies by using finite
element methods [96] and analytical models [137] and experimentally observed in samples
irradiated with swift heavy ions [138]. In this work, a better spatial resolution was obtained with

respect to other studies where this effect was negligible [139].

During its PhD activity, the candidate compared the obtained result with theoretical predictions by

applying to the observed lip the analytical model described in [137].

In the latter work, the swelling profile is described with eq. 4:
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v(X) = vy + eP¥(cicos(Bx) + crsen(Bx)) + eP*(c;cos(Bx) + cysin(Bx)) (4)

where
8= . 3E.c
\ Eq(h + vt (5)
vo = h P T Py (6)
La

Eac=21.38 GPa and pac=2.14 g cm2 are the Young Modulus and the density of amorphous carbon
respectively. Eq=1144 GPa and ps=3.52 g cm2 are the same parameters referred to the case of
diamond. h refers to the thickness of the amorphous carbon layer (estimated in this case as the
region at which the graphitization threshold is exceeded, see Table 1 and Figure 32) and t is the
thickness of the diamond cap-layer (estimated as the distance between the surface and the depth at
which the graphitization threshold is overcome). It is worth noting that diversely from our case, in
the mentioned work [137] the sample was investigated following HTTA, thus employing graphite
parameters instead of amorphous carbon ones. Boundary conditions (v(0)=0, v'(0)=0,
v(1)=0), v'(1)=0) determined the coefficients cl, ¢2, c3 and c4 (1 is the side dimension of the
implanted squares, ~100 um). The result of the simulation is reported together with the measured
AFM profile in Figure 33. While the overall profile is not perfectly in line with the theoretical
simulation, the horizontal extension of the “lip” on both Z and X axes is acceptably compatible
with the prediction. The discrepancies between the result and the simulation can be attributed to
the ideal assumptions of the model, where an elastic foundation characterized by well-defined
edges and a uniform spring constant embedded in a pristine diamond matrix was considered,
differently from the actual case where the elastic foundation is formed by amorphous carbon phases

possessing smoother edges with respect to post-annealing graphitic layers.

Concerning the height of the swelling, this depends on the damage density [138,139]. As shown in
Figure 33 the collected height data for 8 MeV boron implantation were consistent with previous
observations obtained for other ion species and different energies. More concisely, the graph shows

the swelling height as a function of the “damage integral”. The latter is defined in [138] as (eq. 7):

Zmax (D-S ( )
Dint:'/O‘ (l—e— z?z) (7

45



® corresponds to the delivered fluence, while Sy (z) is the nuclear stopping power as a function of
the depth (2). a = (1.19 + 0.11) x 10 cm™2 keV nm™! represents an empirical parameter. In this
equation, the quantity under integration is defined as “damage fraction” and represents the fraction
of amorphized carbon as a function of depth z in the matrix. By integrating this value over the total
ion range, the damage integral is obtained, which is proportional to the total swelling occurring at

the surface of the implanted diamond.
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Figure 33: (a) AFM map of the edge of irradiated square D (ref. to Fig. 31); (b) acquired
cross-sectional AFM profile from implanted region D along the horizontal black line showed in
Fig. 33(a), compared with the simulated profile. (c) “Plateau” swelling height (h) as a function of

the damage integral for 8 MeV B ions, in comparison with former data.

The sample was also characterized by the candidate with Raman spectroscopy to obtain structural
information about the regions implanted increasing fluences, both before and after the HTTA
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process. With the dual purpose of verifying the spatial uniformity of the implanted areas and the
adequacy of single-spot spectra to perform the Raman characterization, multiple spectra were
collected in linear scanning succession across the implanted areas (see Figure 34a). For each
spectrum, the first-order Raman diamond peak signal at 1332 cm™ was integrated after proper
baseline subtraction. An exemplary selection of the results (for fluences of 0.23x10%° cm?,
0.9x10%® cm™2 and 3.3x10%® cm™2) is reported in Figure 34b and 34c. The homogeneous intensity
profile of the diamond peak across the implanted area confirms the suitability of single spot
acquisitions in the center of the squares for the characterization of the whole region. Before HTTA
the intensity of the first-order Raman diamond peak decreases as the fluence increases, due to
higher crystal damage. After HTTA the squares implanted with a fluence below the graphitization
threshold were completely restored to diamond (as evident for region B, blue line in Figure 34c),
while all the regions irradiated at fluences overcoming the threshold showed comparable profiles.
Indeed, the diamond Raman signals arises only from the diamond “cap-layer” between the surface
of the sample and the embedded graphitic structures, thus determining a fainter signal with respect

to regions implanted below the graphitization threshold.
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Figure 34: (a) Profile of Raman spectra acquisition; (b) integrated intensity of the first-order

Raman diamond peak for regions B, H and E, as acquired before and (c) following HTTA.
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Figure 35a shows the Raman spectra collected from all the regions before HTTA. The presented
spectra were collected with a single spot acquisition in the center of each implanted area. First-order
diamond peak at 1332 cm* is the main observable Raman feature. At the highest implantation
fluences, two small peaks appear at 1500 cm™ and 1635 cm ™. According to the literature [46],
these features are generally ascribable to ion damaged diamond and sp?/amorphous carbon phases.
The PL peak centered at 1420 cm™ (575 nm) in the spectrum of the not-implanted areas
corresponds to the ZPL of the NV centers. As the damage level increases, its intensity decays until
complete disappearance. This effect can be justified with the creation of an increasing number of

quenching defects due to ion damage [105].
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Figure 35: (a) Raman spectra of the implanted regions before HTTA; (b) photoluminescence
spectra showing the GR1 band; (c) first-order diamond peak intensity as a function of the delivered

fluence; error bars are included in the data points.

The formation of individual vacancies is also evidenced by the photoluminescence spectra shown
in Figure 35b, where GR1 centers band appears between 720 nm and 800 nm [95]. This signal is
not present in the non-irradiated regions, while it presents a high intensity in the squares implanted
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at the lowest fluences, reaching its maximum for a value of 5x10° cm™2. As observed in previous
studies [46], the intensity of this PL feature progressively decreases at furtherly increasing boron
concentrations, due to the compensation effect of the acceptors. The same effect can also be
explained with the creation of multiple vacancy complexes which can be formed at high ion
fluences [105]. To evaluate the dependence of the intensity of the first-order Raman diamond peak
as a function of the ion fluence (F), a proper fit was performed (Figure 35c). As a result, the
intensity of the diamond peak showed a ~ F “©-7720.94) dependence, in good agreement with previous
results [140] where ~F* relation was obtained for 60 keV B; implantation. A possible explanation

for this discrepancy can be determined by the significantly different ion energies.

Following HTTA, the Raman characterization was repeated (Figure 36a).
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Figure 36: Raman/PL characterization following HTTA. (a) PL spectra acquired on the implanted
squares and focus on the spectral region with the main Raman peaks/bands; (b) first-order Raman
diamond peak intensity as a function of the delivered fluence; (c) G band intensity as a function of

the graphite layer thickness, as estimated from SRIM in Figure 32 and shown in Table 1.
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The intensity of the first-order Raman diamond peak at 1332 cm™* (after proper subtraction of the
background due to the G-band) decreases as the fluence increases, with a steep decline in
correspondence of the fluence that overcomes the graphitization threshold (510 cm™, see Figure
36b). Nonetheless, a smaller peak is still evident also in the graphitized areas due to the “cap layer”
contribution. In the latter regions, Raman “G band” appears at 1550 cm%, which is in fact
ascribable to disordered and sp? phases. Its intensity gradually increases at higher fluences, with a
mostly linear dependence from the values of the graphitic layer thickness that were estimated with
SRIM simulation (Figure 36c), thus relating with the increase of the graphitized volume. Not-
implanted and regions implanted at low fluence (<7 x10% cm2) shows NV° and NV~ ZPL at
575 nm and 638 nm, respectively, together with their phonon bands, while as the damaging level
increases, a significant reduction of the NV PL emission occurs, together with a peculiar
modulation of the spectral emission with periodic interference peaks. This phenomenon was
already observed in [95] and can be ascribed to multiple internal reflections of the emitted radiation
across the cap layer. Interestingly, it is possible to estimate the thickness of the cap layer from the

period of the interference pattern (normal incidence), using the relation of eq. 8 [141]:

1
d= 5 )
"[Al ,12]
where d is the layer thickness, n(}) is the refractive index of diamond, and A1 are the wavelengths
corresponding to two consecutive maxima (or minima) in the spectral pattern. Considering for

example region E, the resulting thickness is d=(4.6 &+ 0.3) um, assuming a refractive index of 2.42

[142], which is, in first approximation, consistent with the expectations.

For a more detailed analysis of the main Raman features as a function of the fluence, in Figure 37a
the position and width of the first-order Raman diamond peak is plotted, as measured both before
and after HTTA. In general, concerning the peak position, a linearly decreasing trend is observable
as damage increases. Due to the HTTA effect in the restoration of the crystal lattice, this tendency
is less pronounced than the situation preceding the annealing. However, after HTTA the trend is
not flat probably because of a residual amount of damage that does not allow a full recovery of the
first-order Raman peak position to its original value. Also the width (as Full Width Half Maximum)
of the first-order diamond Raman peak is affected varying the fluence, showing gradual increase
with damage (Figure 37b). For similar reasons as for the peak position, also the width variation is
less pronounced following HTTA. In both cases, it is worthwhile observing the slope change in

correspondence of a fluence near to the graphitization threshold. According to a previous work
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[143], these observations can be attributed to a decrease in phonon lifetime as a result of the
scattering from the ion-induced defects and are described by the Kramers-Kronig relationships
[144].
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Figure 37: (a) first-order diamond Raman peak position as a function of the irradiation fluence;
blue and red lines correspond to the linear fits of the respective data before and after HTTA. (b)
First-order diamond Raman peak width as a function of the irradiation fluence before (blue) and
after (red) HTTA.

Finally, in Figure 38 the Raman spectra collected from areas implanted at different ion beam
currents (50 pA, 100 pA and 500 pA) and fixed fluence (1x10® cm™2, thus above the graphitization
threshold). Different irradiation currents allow to evaluate possible “self-annealing” effects.
Indeed, thermal heating can occur during ion irradiation, thus promoting the partial migration of
the vacancies and the reductio in the vacancy complexes creation. Before HTTA, both the
first-order Raman diamond peak at 1332 cm™ (Figure 38a) and GR1 photoluminescence band
(Figure 38b) appear higher at 100 pA and 500 pA with respect to 50 pA. Therefore, the use of
higher currents showed effectiveness in partially decreasing the damage induced by ion irradiation
itself. Figure 38c shows the spectra of the same regions following HTTA, providing results similar

to the ones presented for the other implanted squares.

All the data presented in this section were published in [130].
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Figure 38: (a) Raman spectra of regions J, K and L before thermal HTTA;(b) PL spectra showing
GR1 band of areas J, K and L before HTTA. (c) PL spectra acquired from areas J, K and L after
HTTA.

3.1.2 Diamond sensor (electrical and Raman analysis)
This paragraph is devoted to the characterization of a micro-graphite-patterned diamond
multi-electrode array (referred as uG-D-MEA) for cellular sensing, as introduced in paragraph
1.5.1. The employed pristine diamond sample was a high-purity, type Ila optical grade, artificial
polycrystalline diamond produced with CVD by Diamond Material (Freiburg, Germany). Sizes are
5x5x0.4 pm®. As already mentioned, the creation of the graphitic microchannels was obtained by
means of MeV lon Beam Lithography. More precisely, a collimated 1.3 MeV He" beam with a
current density of 1.5 pA cm™ was used for the microchannels fabrication. The beam was provided
by the AN2000 accelerator of the Laboratories of Legnaro of the National Institute of Nuclear
Physics (LNL-INFN) described in section 2.2 [145]. The total delivered fluence was 1x10*" cm?,
enough to guarantee the graphitization of a ~270 nm thick volume at a depth of ~ 2.2 um from the
surface. The geometry of the electrodes was defined by applying over the sample a metallic
collimator manufactured by Kirana-laser company, as shown in Figure 39. In addition, a metal

mask with a variable thickness profile directly applied on the sample surface allowed the tuning of
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the energy of the ions impinging on the diamond substrate, thus allowing the emersion of the
channels in correspondence of their ends. The sample was then annealed in high vacuum
(10°® mbar) at 950 °C for 2 hours, thus allowing the conversion of the implanted regions to graphite.
In this case, due to the lower temperature with respect to the sample investigated in 3.1.1, no surface

graphitic layers were formed, thus not requiring a plasma etching process to clean the surface.

The resulting device presents 60 independent graphitic microchannels whose emerging central
end-points are arranged as an 8x8 matrix with ~200 um spacing (see Figure 39). The diamond
sensor is mounted on proper chip carriers which allows the signal transmission to a commercially
available electronic acquisition chain (MultiChannels System, model MEA1060-Inv-BC).
Moreover, a glass ring is mounted on the chip carrier to form a tiny container for cell culture
medium (see Figure 39e) which is essential for the development of the cell network and for the

administration of specific solutions and drugs.

In this frame, besides taking part to many ion-implantation runs of these devices, the activity of the
candidate was focused on preliminary Raman and electrical characterizations to evaluate both the

structural and electrical properties of the created micro-electrodes.
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Figure 39: (a) SRIM simulation of vacancy density induced in diamond by 1.8 MeV He ion
implantation. Red dashed lines represent the graphitization threshold interval; (b) cross-sectional
TEM micrograph of a micro-electrode; (c) scheme of the ion beam fabrication process (left) and
resulting device (right); (d) optical top-view picture of the biosensor; (e) image of the assembled

biosensor on the chip carrier.
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Raman characterization

Figure 40 summarizes the results of the Raman analysis of a microchannel of the biosensor. Raman

spectra were acquired from different points of this region, in particular:

e anot-irradiated point of the diamond substrate, far from the implanted electrode (a);
e apoint of the diamond substrate few micrometres close to the electrode (b);
e apoint in correspondence of the emersion of the electrode (c);

e a point of the diamond substrate located directly above the embedded graphitic electrode

(d).

Figure 40e shows the optical image of the emerging end of the investigated channel and the points
from which the spectra were collected. The spectra collected from regions (a) and (b) (green and
blue spots in Figure 40e) show the characteristic first-order Raman peak of diamond at 1332 cm™.
The photoluminescence band located at 5260 cm™ (739 nm) is ascribable to the Silicon-Vacancy
colour centres (Si-V) [146], which are present due to the possible silicon impurities incorporated
during the growth of the crystal (10 ppm of Si impurities were declared in the sample datasheet).
No amorphous or sp?-like phases related features are visible. Therefore, unirradiated regions of the
sample seems to preserve their pristine diamond structure even in proximity of the channels. By
performing the Raman analysis even closer to the implanted electrode (Figure 40b), an additional
feature appears at 963 cm™ (561 nm) compatible with the presence of He—related colour centres

[147,148] which derives from the He* irradiation in correspondence of the microchannel.

Spectra acquired over the red point, Figure 40(c), which corresponds to the emersion area of the
graphitic channel, show no diamond peak. Instead, two broad Raman features ascribable to D and
G bands appear at 1361 cm™ and 1582 cm™, respectively. These bands, already observed in spectra
of paragraph 3.1.1, are mainly attributable to amorphous and disordered carbon phases (D band)
and to C - C bonds vibrations of graphite-like phases (G band), thus confirming the actual exposure
of the channel at the sample surface. In addition, a weaker and broader peak addressable to D+D’

Raman resonance is evident at 2835 cm™.

Observing the spectra acquired over the areas located directly above the channels (black spot,
Figure 40d), signals arising from both the diamond “cap layer” (first-order diamond Raman peak)
and the embedded microelectrode (D and G bands) appear as expected, as the focal depth of the
Raman set-up reaches ~3 pum, while the depth of the graphitic channel is approximately around

1 pm.
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Figure 40: Raman spectra acquired from the diamond (a), the diamond in proximity of the channel

(b), the exposed graphitic portion of the microchannel emerging region (c) and above the buried

portion of the microelectrode (d); optical micrograph of the characterized electrode — colored

points are the positions of the spectra acquisitions (e). Diamond peak (f) and G band (g) Raman

intensity maps of the portion of the sensor described by the black square in (e); the color scale

represents the normalized area of the integrated spectral range. (h) Map of the first-order diamond

peak position shift (difference from 1332 cm™), proportional to the internal stress provoked by ion

beam damaging. Grey color refers to the lack of a detectable diamond peak; (i) He-related peak

intensity map.
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To evaluate the spatial distributions of the intensities of the first-order Raman peak of diamond and
G band, two-dimensional Raman maps of the microchannel were acquired with steps of ~ 0.80 pm
along both axis (Figure 40f and 40g, respectively). The reconstruction of the maps was performed
by means of a proper script written by the candidate, with particular attention to the correct
background subtraction for the evaluation of the intensities of the mapped Raman features. The
map related to the integrated first-order diamond peak shows a significant decrease of its intensity
in correspondence of the microelectrode, until its total disappearance at the emersion point.
Conversely, here the intensity of the G band reaches the maximum. By analysing the maps, it is
also possible to evaluate the spatial extension of the graphitic portion exposed to the surface,

resulting in an active detection area of ~ 2x10 um?.

As discussed in the introduction, due to the expansion pressure of the sub-superficial low-density
graphitic channels on the surrounding diamond matrix, mechanical stress of the latter is expected
to occur. To provide information about this issue, also the spatial distribution of the spectral
red-shift of the first-order Raman peak of diamond was mapped (Figure 40h). A clear downshift of
the peak position is evident over the microchannel, where relevant mechanical stress is applied to
the diamond cap-layer. The maximum shift (i.e.: ~16 cm™) occurs in correspondence of an area
close to the emersion point of the graphitic electrode. To obtain a rough quantification of the actual
pressure occurring in this point, an empirical relation (eq. 9, [149]) correlating the Raman peak

shift Ao with the hydrostatic stress on can be considered:
Aw =a-on + b-oy? 9)
where a=2.83cm™ GPa™’and b =-3.65x10° cm™ GPa2

By substituting the maximum shift, a pressure of ~5.7 GPa is obtained. This value is significantly
higher with respect to previously results from non-emerging graphitic structures [150].
Nonetheless, this stress did not result in visible cracks or other mechanical damages around the

emerging point.

Another interesting feature whose intensity was mapped is the He-related peak at 963 cm™
(Figure 40i). The highest intensity is observed all around the outline of the channel structure, where
a low fluence (below the graphitization threshold, but enough to implant He atoms and create
He-related color centers) manage to reach the sample during the implantation. Differently, this
signal is not observable anymore far from the irradiated area or over the channel, since the high
fluence reached in this portion introduced too many defects acting as luminescence quenchers of

the He colour center, similarly to what happened to the Si-V center luminescence.
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Electrical characterization

To verify the electrical conduction of the graphitic microchannels, current-voltage characterization
was carried out with the Keithley 2636 electrometer described in section 2.7. The measurements
were performed in the + 3 V voltage range at room temperature. To prepare the sample for the
measures, small drops of silver paste were deposited on the ends of the channels to reduce the
contact resistance between the probe microtip and the graphitic electrodes. The results are reported
in Figure 41. All the I-V characteristics collected from the microchannels presented an ohmic
behaviour, with resistance values ranging between 4 kQ and 9 kQ. The main explanation of this
variability can be ascribed to the different geometrical parameters of the electrodes (see
Figure 39d). Length and width of the channels (quantified from optical micrographs) as well as
from their thickness (evaluated from cross-sectional TEM measurements, Figure 39b) were used
to determine a mean value of resistivity equal to (2.7 £ 0.3) mQ cm. This result is compatible with
former works of the solid-state physics group [41,151] and with the resistivity of polycrystalline
graphite. Indeed, the latter is comprised between the resistivity occurring along the parallel

(0.5 mQ c¢m) and perpendicular (300 mQ c¢m) direction with respect to the graphitic planes [152].

Two additional drops were deposited on the diamond surface far from the microelectrodes in order
evaluate the potential presence of parasitic conduction paths due to surface contaminations. In this
case (see dashed line in Figure 41) the surface resistance resulted consistent with that of the
electrometer (>1 TQ).
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Figure 41: current-voltage curves for the 60 channels of the ©G-D-MEA
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3.1.3 Application of diamond-based biosensor for excitable cells study
As mentioned in section 1.5.1, the realized biosensor is meant to be applied mainly in the detection
of the electrical and/or the secretory activity of neuronal and excitable cells (e.g.: cardiac tissue
cells). In this paragraph a brief synthesis of the typical measurements performed by the colleagues

of the Department of Drug Science and Technology are showed.
Action potential measurement

The action potentials (AP) are electrical signals that propagates along the axons of neuronal cells,
allowing the communication with other neurons and the activation of physiological functions such

as muscle cell contraction (included the heart).

The recordings of these signals are performed by employing a commercial
“MCS MEA 1060-Inv-BC” amplifier from Multi Channel Systems (Figure 42a).

(b)

(c) Diamond-based biosensor
‘400 Y,
(d) conventional MEA — e

LLELARALE AR AR AR EALLAAAL

Figure 42: (a) front-end electronic (on the left) and biosensor mounted on the chip carrier (on the
right); (b) picture of the sinoatrial node on the biosensor; (c) potentiometric trace of action
potentials from the sinoatrial node was performed with ©G-D-MEA and (d) with conventional
MEA.

The diamond biosensors are characterized by a half-band noise of (35 + 5) uV, thus possessing
performances comparable with those of conventional Multi Electrode Array device
(60MEAZ200/300iR-Ti, Multi Channels System), which possesses a noise level of (22 = 2) uV. The
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proper operation of the device was evaluated by performing in vitro measurements of the action
potential occurring in the sinoatrial node, which is responsible for the generation of the electrical
pulses at the basis of the heart contraction. This tissue was selected as it represents a benchmark
biological sample generating intense action potentials (i.e. ~ 300 uV) across the whole tissue. The
intact sinoatrial node (Figure 42b) was surgically obtained from a mouse and placed on the sensors
recording area, under the perfusion with a saline standard solution at room temperature.

Figure 42c shows a representative trace of the sinoatrial node spontaneous activity acquired with
uG-D-MEA. Inthis case, the mean basal frequency of firing was (3.5 + 0.4) Hz. As for comparison,
the same measurement was conducted on a convention MEA, resulting in a frequency of
(2.8 £0.6) Hz (Figure 42d). The measured frequencies values were statistically compatible
(p > 0.05).

Action potentials can be measured with the same sensors also from neurons directly plated above,
as exemplary shown in Figure 43. In this case, the experiment was carried on hippocampal neuronal
networks, requiring the capability of measuring lower intensity (few tens of uV) and faster (few
ms) signals. The excellent diamond biocompatibility provides a proper adhesion onto the surface
of the biosensor, which is fundamental for the signal collection (Figure 43a). Also for these
measurements, an example of a potentiometric recording is shown in Figure 43b, which confirms
the applicability of the developed biosensor for the detection of action potential also from cultured

neurons plated directly on the surface of the sensor.

(a) (b)

* TTX (Tetrodotoxin) delivery

Figure 43: hippocampal neurons cultured on the diamond biosensor, with axons passing on the
sensitive ends of the graphitic channels; (b) potentiometric recording before and after tetrodotoxin

(TTX) administration (which acts as firing blocker).
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Amperometric measurements

When employed in amperometric configuration, the biosensor allows the detection of secreted
molecules from cultured cells. The measure is mediated by an oxidation-reduction reaction,
obtained by properly polarizing the graphitic electrodes. Indeed, the neurotransmitters released by
exocytosis are oxidized in correspondence of the surface of the microelectrode. From this reaction,
electrons are released, and an electrical current is measured. A “spike” signal for each individual
vesicular release is thus recorded. Figure 44 schematizes the process in the case of dopamine
exocytosis. With this technique, the detection of neurotransmitters released by exocytosis from
neuroendocrine chromaffin cells was extensively demonstrated with the biosensor and the results
were published in previous works by the solid-state physics group [97,98].

In this paragraph, an exemplary proof-of-concept demonstration of the measurement of dopamine
release from midbrain neurons is presented. With respect to chromaffin cells, the neurotransmitter
release from neuronal cells is characterized by a smaller dimension of the vesicles and a
consistently lower number of secreted molecules, thus requiring an optimization of the acquisition
parameters (bias applied to the electrodes optimization by cyclic voltammetry [101] and low-pass
band frequencies were increased) in order to successfully measure oxidative currents of the order

of few pA and with a duration of fractions of ms.
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Figure 44: amperometric signal following exocytosis of dopamine, which undergoes oxidation on

the microelectrodes.

The presented secretion measurements (Figure 45) were obtained from 12 days in-vitro midbrain

neuron network by setting the sampling frequency at 8 kHz and 25 kHz with 800 mV electrode
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bias. From the analysis of the acquired data, many parameters such as half-time width (t12) and
maximum current (Imax) can be studied to provide information about the exocytic process.

(a)

sampling frequency 8 kHz
pass-band 1 kHz

A\
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(b) I max ‘el“-;tl/z sampling frequency 25 kHz
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I Jkl
. |

(-

Figure 45: examples of amperograms collected from dopaminergic neurons at 8 kHz and 25 kHz

of sampling frequency [101].

Both in the case of electrical and secretory activity, drugs or specific solutions can be administered

in order to monitor their effect on the cell functioning.

3.2 Nanodiamonds

This chapter is dedicated to the main topic of the activity carried out by the candidate, concerning

the modification and characterization of nanodiamonds.
Overall, four different batches of ND were investigated in this thesis, namely:

e detonation nanodiamonds (DND) from Adamas (NC, USA), with 5 nm nominal primary
particle size;
e nanodiamonds produced from the milling of HPHT type-Ib single crystals (Milled
Nanodiamonds MND):
o Microdiamant MSY 0-0.1 with particle size varying in the
0-100 nm range (MSY-MND);
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o ElementSix™ Micron+ with particle size varying in the
0-250 nm range (small Milled Nanodiamonds s-E6-MND);

o ElementSix™ Micron+ with particle size varying in the
0.5-1 um range (large Milled Nanodiamonds I-E6-MND).

3.2.1 Basic modification and characterization
In this section, a systematic characterization of the above-listed samples is presented. Firstly, the
ND were imaged with electron microscopy. Figure 46 shows TEM (for DND) and SEM (for
MSY-MND, s-E6-MND and I-E6-MND) images of the untreated samples and the average diameter
distributions. The latter were obtained by employing Fiji software, an ImageJ-based open-source
image processing package. After adjusting their brightness and contrast, the images were converted
in binary and the “watershed” feature from BioVoxxel toolbox [153] was applied to discriminate
between touching particles. The use of the “particle analysis” feature of the software provided the
value of the projected areas of ND, which were converted to diameters by assuming for simplicity
a spherical geometry. When the pictures presented a bad contrast or overlap between ND
preventing from a proper automated analysis, the measures were performed manually. As
anticipated, DND analysis was assessed by means of TEM microscopy, due to the small size of the
primary nanocrystals. The dimension of the nanoparticles was evaluated with a manual procedure
since their images looked grainy and therefore the automatic procedure was inappropriate for the
analysis. Eventually, the histograms of the size distribution were created by applying a proper

binning (size measures from 4-5 micrographs from each sample were merged).

Morphologically, the ND presented sharp and irregular shapes. MND resulted properly dispersed,
while DND primary nanoparticles were observed mostly in aggregates of 30-130 nm in diameter.
Median diameters of the primary nanocrystals resulted in 3.1 nm for DND, 55 nm for MSY-MND,
240 nm for s-E6-MND and 400 nm for I-E6-MND, as reported in Figure 46. The widths of the
distributions were significantly high (conp: ~ 1.4 nm, omsy-mnp: ~ 24 nM, os-g6-mnp: ~ 90 nm and
ol-ee-MnD: ~ 140 nm) and the fractionation of their dimensions should be considered in the future in

the perspective of biomedical applications.

After this preliminary characterization, the different batches of nanodiamonds were studied and
compared in terms of their chemical and physical properties. In this first part, ND were investigated

exploratively in three different versions:

1) asreceived
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2) after HTTA in N2 flux for 2 h at 800 °C
3) after process n° (2) + an air oxidation treatment for 8 h at 450 °C

For both processes (2) and (3), the tubular furnace described in section 2.1 was employed.
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Figure 46: TEM (DND (a)) and SEM (MSY-MND (b), s-E6-MND (c) and I-E6-MND (d)) images

and derived size distributions.
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The HTTA process was conducted to reorganize the disordered sp?/sp® phases [130] and graphitize
the amorphous carbon outer layers while preserving the diamond phase. In addition, the lack of
oxygen induces the chemical reduction of the surface of the nanocrystals. The setting of an optimal
annealing temperature is of fundamental importance in order to avoid undesired structural and
chemical degradation of the ND during the process. On one hand, the nitrogen flux provides an
inert environment that prevents the chemical etching of diamond that would occur above 500 °C
in presence of oxygen [154]. On the other hand, despite the inert atmosphere, a temperature below
900 °C is necessary to prevent the samples from graphitization [155] and the conversion to carbon
onions [156]. Therefore, the HTTA process was performed at 800 °C. Subsequently, to selectively
etch the surface graphitic shells and to cover the ND surface with oxygen-containing groups, the
air oxidation process was carried out at 450 °C, thus keeping below the diamond degradation
temperature. In the following paragraphs Raman/PL spectroscopy, FT-IR analysis and DLS
characterization of these samples are presented.

Raman and photoluminescence spectroscopy

Raman/photoluminescence spectrometer was employed to characterize both the structural and the
photoluminescence properties of the samples. Figure 47 shows the resulting spectra from DND,
MSY-MND, s-E6-MND and I-E6-MND at each processing step. Untreated DND spectra showed
two main Raman signals: the D-band around 1360 cm™ and the G-band at 1580 cm, suggesting
the presence of defective sp?-like phases. No first-order Raman diamond peak was evident for the
untreated and annealed DND, while a small peak was observed in the annealed + oxidized samples.
These results are in agreement with the very small size of the DND primary nanoparticles. Indeed,
the relevant quantity of sp? layers and their higher Raman scattering cross-section (r) with respect
to that of diamond phases (rsps = 9x107 cm™ srt; rep2 = 5%10° cm™ sr! [46]) should determine a
negligible Raman signal from the latter.

MSY-MND still present a weak G-band signal, particularly for annealed samples, while following
oxidation it disappears. In these samples, the first-order Raman diamond peak is observed around
~1320 cm™, downshifted with respect to its theoretical position (1332 cm™) because of the
nanocrystals defectiveness, as well as the already mentioned presence of graphite contaminations
which induce heating phenomena during laser irradiation with the Raman spectrometer [82]. Due
to their minor defectiveness, for both s- and I-E6-MND samples the first-order diamond Raman
peak arises at ~1332 cm™, while the D- and G-bands are no longer visible. Consistently with their
crystal core size, diamond peak intensity follows the order I-E6-MND > s-E6-MND > MSY-MND,
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also being related with the surface graphitic contaminations, which are lower in larger-sized
nanocrystals in accord with the minor stresses occurred in milder grinding synthesis procedures.

The HTTA treatment increases the G-band intensity in DND and MSY-MND samples, due to the
graphitization of the amorphous carbon phases surrounding the diamond core of ND. Oppositely,
the subsequent air oxidation, by etching such sp?shells, determines the almost full disappearance

of its Raman signal.
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Figure 47: PL (left) and Raman (right) spectra of untreated (black), annealed (red) and annealed
+ oxidized (blue) DND, MSY-MND, s-E6-MND ad I-E6-MND. Measurements were conducted on
compacted ND powders; Obj.: 20x; filter: D1.
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The PL emission of NV centers observable between 580 and 780 nm appears very weak in DND
samples, without showing significant changes following thermal treatments. Similarly, this fact can
be justified with the very low presence of sp® diamond phases which can host the color centers.
Instead, MSY-, s-E6- and I-E6-MND showed a relevant enhancement in the PL emission following
oxidation, with the emersion, in the case of I-E6-MND, of two peaks at ~575 nm and ~638 nm,
which corresponds to the ZPL of the NV° and NV~ centers, respectively. This observation is
consistent with the removal of the quenching effect due to the defective external shells, as suggested

in a former study [81].

DLS analysis

Besides the described structural and optical properties, the surface chemistry should significantly
differ in the treated samples and can be reflected in the dispersibility and stability of the
nanoparticles in aqueous environment. Water solubility of ND is an important condition when
willing to interface them with physiological environments, and high hydrophilicity and proper
dispersibility are therefore essential. To investigate this issue, the samples were analyzed by means
of DLS size and Z-potential measurements. To this scope, 0.5 mM NaCl water solutions were
prepared. All ND at the different processing steps were then dispersed in these solutions with a
50 ug ml* concentration. The introduction of a minimal quantity of NaCl was necessary for an
adequate electric field propagation along with the whole analysis cell during Z-potential analysis
[157]. Before each measure, the liquid suspensions were sonicated for 15 minutes with Elmasonic
S15H (35 W ultrasonic power). Figure 48a reports the size distributions weighted by number (thus
showing an intensity proportional to the relative amount of nanoparticles at each size value).
Overall, annealed ND showed higher size values with respect to the other treatments, suggesting
an important aggregation level and poorer dispersibility in water with respect to untreated and
oxidized samples. Indeed, lower hydrophilicity is expected due to the surface reduction effect of
HTTA. Conversely, probably better hydrophilicity of the oxygen-containing chemical groups
terminating the surface of untreated and oxidized ND can promote a good solubility and reduce
their tendency to aggregation. In general, s-E6-MND and I-E6-MND samples present size
distributions consistent with the dimensions of the primary particles as estimated by TEM/SEM
techniques. MSY-MND analysis evidenced the presence of a mild agglomeration, while all DND
samples showed a severe aggregation level, especially following HTTA. This evidence can be
ascribed to the wider interaction surface typical of smaller nanoparticles. In addition, during
detonation ND synthesis, the single nanocrystals (with 5 nm primary dimensions) bind to each
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other, thus creating strongly bound aggregates of a tenth of nm [158] and furtherly forming large
clusters up to 1 micron, which are tough to segregate, particularly in hydrophobic surface

conditions.

When studying the Z-potential, it is useful to combine the results with the impact in terms of size
distribution mentioned above. Considering in first approximation a spherical geometry of the
aggregates, an aggregation parameter was thus defined by dividing the peak value of the diameter
distributions by the median diameter value of the ND as calculated from the TEM/SEM images.
Z-potential as a function of this parameter is shown in Figure 48b. In general, higher (in absolute
value) Z-potentials resulted correlated with higher dispersibility, as a stronger surface charge
induces repulsions between the nanoparticles, thus preventing, or at least reducing, aggregation
phenomena. Consistently with their better dispersibility, Z-potential of untreated and oxidized ND
was stronger than annealed samples. Indeed, the presence of surface oxygen-containing functional
groups has been correlated with a higher surface charge in solution [159]. Besides their larger
exposed surface, the poor stability in solution of DND samples, especially following HTTA, is thus

well explained by the very low surface Z-potential.
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Figure 48: (a) DLS size distributions by number and (b) Z-potential as a function of the normalized
size (i.e.: the ratio between the size average from (a) and the median sizes of primary nanoparticles
from TEM/SEM analysis).
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DRIFT analysis

DRIFT analysis was carried out for a better comprehension of the data obtained by DLS analysis

and to provide a detailed understanding of the surface chemistry. Spectra for all the samples

(reported in Figure 49) were collected in dry air environment, after 10 minutes of equilibration.
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Figure 49: DRIFT spectra for all samples acquired in controlled atmosphere at room

temperature.

Untreated ND presented a broad absorption band in the region 3650-3000 cm™, which can be

ascribed to the v(O-H) stretching modes of hydrogen-bonded water molecules adsorbed on the

surface of ND (red band). Their presence is furtherly confirmed by the 6(H20O) bending mode
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observable around 1630 cm™ (light blue band) [160,161]. Low-intensity signals ascribable to
v(C-H) stretching are present in the 3000-2800 cm~! range (grey band), in overlap with the v(O-H)
band. C=0 stretching absorption bands are visible in the 1800-1720 cm~! spectral region, which
can be ascribed to many different forms such as carboxylic acids, lactones, esters, acid anhydrides,
etc. [162]. The spectral region below 1500 cm, shows a complex overlap of absorption bands.
This IR region is generally of difficult interpretation, as it contains signals arising from a wide
variety of functional groups. Nonetheless, these bands can be mostly attributed to ether/ester-like
(C-O-C/C-0) groups [162], in particular for the bands between 1200 cm™ and 1000 cm™ [163].
The various ND sizes and the respective aggregation prevents an adequate quantitative analysis of
the diffuse reflectance IR spectra. Nonetheless, as a general trend, it can be inferred that the
absolute intensity of the IR signals for the different samples is correlated with the nanoparticle sizes
(and the respective surface area), following the order DND > MSY-MND > s-E6-MND >
I-E6-MND.

In the spectra acquired following HTTA, significant removal of oxygenated groups is suggested
by the decrease of the C=0 band and by the downshift of its signals toward lower wavenumbers.
In parallel, C-H absorption bands resulted increased, as evident by the appearance of two peaks at
2950 cm! and 2886 cm™, which are respectively associated with asymmetric and symmetric
stretching vibrations of CHs groups [164]. After the air oxidation process, the C=0O groups
contributions rise again, while removing C-H groups, consistently with what was observed in

previous studies [160].

As already discussed, surface chemistry has a relevant influence on the hydrophilicity profile. This
property can be evaluated by considering the intensity of the §(H20) and v(O-H) modes, which are
generally more intense in the cases of untreated and oxidized samples. For a deeper comprehension
of the surface water adsorption mechanism, a DRIFT analysis was conducted exemplarily for DND
under controlled atmosphere and following progressive dehydration. More precisely, DRIFT
spectra were collected while exposed to air, in vacuum (residual pressure < 102 mbar) and at
increasing temperature up to 400 °C. The set of acquired spectra is shown in Figure 50a. As the
temperature increases, 6(H20) and v(O-H) bands gradually decrease, due to the removal of
adsorbed water molecules, also allowing for better visibility of C-H signals which become
particularly clear in spectra of annealed DND collected at 400 °C. Although O-H stretching band

contain the contribution of physiosorbed water, this feature is also associated with possible O-H
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surface terminations, thus explaining the significant residual signal still visible at 400 °C
(especially for oxidized DND), when almost complete desorption of water is expected. On the
contrary, 8(H.0) mode around 1630 cm™ is peculiar of water molecules and, for better
quantification of the phenomenon, its signal was integrated after proper baseline subtraction. The
obtained data are reported in Figure 50b. As can be observed, the hydrophilicity follows the order
annealed + oxidized > untreated > annealed DND, in agreement with the more favorable hydrogen
bonds formation between water molecules and surfaces richer in oxygenated groups. The results
suggest that water molecules, which in environmental conditions form a surface multilayer, are

almost completely released around 200 °C.
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Figure 50: (a) DRIFT spectra for DND acquired in air environment, after outgassing at room
temperature (< 2 mbar, ~25 °C) and at increasing temperature (up to 400 °C); (b) integral of H2O

bending signal as a function of the environmental condition.
Overall, the evidence provided by DRIFT analysis is consistent with DLS data, as the low

hydrophilicity of annealed samples is responsible for the higher aggregation level in an aqueous

environment, while the rich oxygen content of oxidized and untreated samples allows for a higher
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surface charge and better dispersibility. Finally, it is also worth focusing the attention on the
relationship between surface charge and the DRIFT bands related to oxygenated groups.
Concerning the latter, DRIFT spectra of DND clearly presented higher signals with respect to MND
samples, while Z-potential resulted more intense in the MND case. Nonetheless, this result is not
contradictory, as the DRIFT absorption bands are to be interpreted by considering the wider
surface-to-volume ratio of DND. Combining this consideration with the stronger surface
Z-potential of MND, a surface denser of oxygen-containing groups is suggested for them with
respect to DND [165].

Electrical characterization

As discussed in section 1.6.2, water adsorption determines the surface conductivity of ND.
Current-voltage (I-V) characteristics were thus collected to evaluate the effect of the thermal
processes on the electrical properties of ND. Firstly, NDs were “reset” to a starting condition by
heating them on a thermal plate in air at 120 °C for 15 min, thus allowing the desorption of bonded
water molecules. The powders were then exposed to a controlled environment with constant
temperature (21 £ 1) °C and two different humidity values (h1 = (32 = 2) % or h, = (61 % 2) %).
I-V curves were acquired both immediately after heating and 15 hours after the exposure to the
above-mentioned conditions. In the first case, all ND did not show any measurable conductance,
presenting currents lower than 1 pA at 20 V, thus settling below the sensitivity of the electrometer
and suggesting a residual content of water molecules too low to allow conduction. Following the
exposure to hy conditions for 15 hours, 1-V curves were acquired, showing an ohmic behavior in
the explored range of voltages (Figure 51a reports exemplarily 1-V characteristics for DND). The
resistance values of all the samples are shown in Figure 51b. E6-MND powders showed
comparable resistances, which ranged between 10%°-10'* Q, while MSY-MND and DND presented
a higher conductivity. Overall, in accordance with the stronger hydrophilicity evidenced by DRIFT
spectra, oxidized and untreated samples showed a lower resistance with respect to the annealed
ones. A peculiar exception is observed for oxidized DND, with a resistance value resulting >10%° Q.
Under the exposure to the higher humidity condition h, (Figure 51c), untreated and annealed DND
presented 2 orders of magnitude decrease in resistance. Similar tendencies are obtained for
untreated and oxidized MND, whereas annealed E6-MND did not present any enhancement of the
Grotthuss mechanism conduction, sticking around resistances of 10 Q. Unexpectedly, oxidized
DND showed a higher resistance with respect to the other DND samples. Nonetheless, they
presented the most relevant decrease (~ 3 orders of magnitude) in resistance when passing from

~30% to ~60% relative humidity conditions, suggesting a marked increase in water adsorption at
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increasing humidity. This result, coupled with the intense 6(H20) absorption signal observed in
DRIFT spectra (Figure 50), hints that the reason underlying this issue might be related to structural
differences. Raman spectra reported in Figure 47 evidenced for untreated and annealed DND arich
graphitic content, whose high conductivity might have played a crucial role. Oxidized samples, due
to the removal of a relevant amount of sp? components, have probably lost this contribution, which
is then partially compensated by the Grotthuss mechanism in the higher hydration condition.
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Figure 51: (a) 1-V curves reported exemplarily for DND at h; conditions; (b) resistances values

calculated from I-V curves for all samples at ~30% and (c) ~60% of relative humidity.

3.2.2 Oxidation
In the previous paragraphs, it has been shown how oxidation has positive effects in terms of
stability in an aqueous environment, surface purification and fluorescence properties, thus
suggesting them as preferable candidates in contexts such as drug delivery and biolabeling. In this
section, a more in-depth analysis of the effect of different conditions of air oxidation is presented.

Due to their size range of major interest for biomedical applications, MSY-MND were selected for
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this investigation. More precisely, along with the activity of the candidate, two campaigns of
systematic oxidations and subsequent characterizations were performed:

a) mildly oxidative air thermal processes with temperatures varying between 400 °C, 450 °C
and 500 °C and exposure times of 30” and 1 h.

b) aggressive oxidative air thermal processes carried 450 °C, 475 °C, 500 °C and 525 °C with
exposure times of 3 h, 6h, 12 h, 24h, 36 h and 48 h.

Before oxidation, in both the above-mentioned cases, MSY-MND were annealed at 800 °C for 2 h

in N2 inert environment.

Mild oxidation

Thanks to the control of temperature and dwell time, air oxidation treatments can be used to tune
the oxidizing degree of ND surface. With this purpose, annealed MSY-MND were selected for
being subjected to mild oxidative thermal processes varying both the temperature (between 400 °C
ad 500 °C) and the exposure time (30’ — 1 h). Treated samples were then analyzed by DRIFT

spectroscopy, as reported in Figure 52.
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Figure 52: DRIFT spectra for annealing + oxidized samples with different temperature and

process time parameters.
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O-H and C=0 stretching modes resulted gradually enhanced as the temperature and processing
time were increased. Similar behavior is observed for 6(H2.O) mode, confirming the general
tendency toward better hydrophilicity at increasing oxidation levels. C-H stretching signals, present
in high quantity in annealed samples, were still observable for weak oxidation conditions (400 °C
for 30 minutes), while completely disappeared just doubling the oxidation time at the same
temperature. It is worth noting how v(C=0) band at lower oxidation temperatures and times is
peaked around 1730 cm™, while as the oxidation level is increased, the band shift towards
1795 cm™. These two positions can be related to C=0 groups in the form of carboxyl
acid/aldehydes groups and lactones/anhydrides terminations, respectively [162]. Figure 53
schematizes a simplified example of the hypothetical process occurring as the oxidation proceeds:
at the beginning, the mild oxidations allow the formation of a gradually increasing number of
simpler oxygen-containing structures such as carboxylic/aldehydes/esters C=0 groups on the
surface on ND, giving rise to the peak around 1730 cm™. As the process becomes more aggressive,
the density of these species increases, until condensation reactions between the groups occurs, thus
covering the surface with more complex structures such as anhydrides and lactones, whose
absorption bands are peaked at higher wavenumbers. In parallel, OH groups (from carboxylic acids
or simple hydroxyls) are also formed, determining, together with adsorbed water, the stretching
band around 3000 cm™ — 3600 cm™.

Carboxylic acids

C-H terminations O H Anhydrides
A P SRS S
& AN H O
O
Aldehydes O Oﬁ k
, / 7% Hydroxyls \O O
H OH — OH Esters / Lactones
Hydroxyls

Figure 53: simplified schematic of some of the various possible processes occurring on ND surface
upon oxidation. Starting from simpler chemical groups (such as aldehydes and carbonyls), surface
functionalities are then converted to carboxylic acids, which in turns, when a high density is
reached, condensate to form more complex structures such as anhydrides, esters and lactones.
Contemporarily, OH groups are created in increasing quantity (as evidenced by the stretching
band from 3000 cm™ to 3600 cm™).
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A more quantitative evaluation of the influence of the different oxidation conditions can be done
by comparing the variations in the signal intensities in terms of temperature or time variations.
Indeed, from Figure 52 it is noticeable how the increase in temperature of 50 °C determines a
stronger increase in the general C=0 band with respect to an increase in time of 30 minutes. A
similar behavior, although slightly less pronounced, is observed for v(O-H) vibrations, thus

suggesting a more effective influence of temperature in the surface oxidation degree.

To assess the effect of the oxidation treatments also on the structural and fluorescence properties,
Raman/PL spectra were acquired at the different oxidation steps (see Figure 54). Similarly to
spectra shown in section 3.2.1, the first-order Raman diamond peak is observed at 1320 cm™
(572 nm). The presence of graphitic contaminations, despite the oxidation, is confirmed by the
presence of D- and G-bands around 1360 cm™ (573.5 nm) and 1584 cm™ (590 nm), respectively.
As already observed for oxidized ND, also for these mild oxidations the intensity of the NV centers
emission band, between 580 nm and 780 nm, results enhanced as the oxidation level is increased,
again with a more decisive effect of a 50 °C increase in temperature with respect to further 30
minutes of treatment. Nonetheless, the moderate increase in fluorescence and the absence of
significant differences in the G-band intensity as the time and temperature of the process increase,

suggests that a better surface purification of ND can be achieved with more aggressive oxidation

treatments.
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Figure 54: PL spectra of mildly oxidized ND
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Aggressive oxidation

In order to explore the influence of more aggressive oxidation treatments on surface properties and
to define a protocol that maximizes their PL, a second campaign of processes and characterizations
was performed. Therefore, annealed MSY-MND were oxidized in air environment from 3 h up to
48 h, with temperatures ranging between 450 °C and 525 °C.

Once prepared, DRIFT analysis was thus conducted on these samples. A representative selection
of the obtained spectra is reported in Figure 54 for treatments of 3 h and 48 h - variable temperature

(Figure 55), and at 450 °C and 525 °C - variable process time (Figure 56).
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Figure 55: DRIFT spectra of MSY-MND oxidized for 3h (a) and 48h (b) at variable temperatures

As expected, higher temperatures determined a general increase in oxygen-containing functional
groups absorption features. At lower processing times (3 h), a gradual enhancement of both C=0
and O-H stretching bands is observed, while H>O bending associated with water adsorption is only
weakly increased. Similarly to what was obtained in the previously described mild oxidations, a
shift of v(C=0) towards higher wavenumbers is evident. Oppositely, at 48 h, as the temperature

rises no significant differences are observed in C=0 vibrations, probably because at long
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processing time the maximum functionalization with carboxylic and anhydrides groups is already
reached independently of the temperature (in the investigated range). 8(H2O) modes are instead
gradually increased with temperature also at long treatment times.

Besides a general enhancement of the O-H stretching band, in this region, a progressively higher
absorption signal — particularly starting from 500 °C - emerges around 3450 cm™, which is more
specifically ascribable to O-H stretching in water molecules. These observations suggest higher
hydrophilicity which occurs mainly at highly aggressive oxidation conditions (high temperature
for a long dwell time). Interestingly, C—O vibrational modes between 1300 cm™ and 1000 cm™
showed very similar behavior, thus representing a possible hydrophilic substrate for the observed
relevant water adsorption.

Spectra at constant temperature and variable times (Figure 56) provides consistently similar

evidence. At low temperature (450 °C), longer oxidation times increased all oxygenated species.
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Figure 56: DRIFT spectra of MSY-MND oxidized at 450 °C (a) and 525 °C (b) at variable process

times
Also §(H20) rises, but not the water-related v(O-H) band at 3450 cm™, which stands out only after

oxidations at temperatures above 500 °C, when also C-O groups are drastically enhanced.
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The other spectra following oxidations at 475 °C and 500 °C are reported in Appendix A.

In summary, by combining the information obtained from DRIFT spectra of both mild and

aggressive oxidations, it is possible to conclude that:

e low temperatures and process times (see “Mild oxidations” paragraph) determine the
formation of surface OH groups and C=0 species, particularly in the forms of carboxylic
acids, aldehydes and esters. As a consequence, hydrophilicity is gradually enhanced,;

e intermediate aggressive conditions further increase carboxylic, and more generally C=0,
groups, promoting also the development of anhydrides and lactones;

e since C=0 groups have already reached their maximum, high temperatures and process
times are mainly effective in increasing ether/ester-like (C—O-C/C-QO) groups species,

which might have been determining in the instauration of the observed better hydrophilicity.

In the following section, Raman/PL analysis of these samples is presented. As the main purpose
was to assess the effect of the oxidation on PL intensity, the NV centers fluorescence band was

integrated between 565 nm and 780 nm. Results are reported in Figure 57a.
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Figure 57: Integral of NV centers PL intensity (a) and NV/NV° ratio (b) as a function of

oxidation temperature and time.

In general, as the oxidation temperature and time increase, the more aggressive purification
determine a higher fluorescence yield. When passing from 36 h to 48 h of process, a flattening of
the trend is observable at 500 °C, while a slight decrease is registered at 525 °C. Indeed, previous
work demonstrated that at temperatures above 500 °C also the diamond phase can be affected and
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a sensible reduction in the nanocrystal volume/or mass might have occurred [154]. This fact was
confirmed with TEM images acquired on annealed MSY-MND following oxidation for 12h at

450 °C and for 48 h at 525 °C and reported in Appendix B. NV/NV? ratio was also evaluated by
NV~
NVO

calculating 1700 nm / 1575 nm (in the implicit form of a + b, due to the overlap of the two signals)

and plotted in Figure 57b. Carefully observing the trends, an increase in the ratio occurs at lighter
oxidation conditions (i.e.: at 450 °C as the processing time increases or 475 °C for low process
time), in accord with the increase in NV~ centers due to surface oxidation (see section 1.4.4). More
precisely, the effect is associated with the positive dipole moment formed between carbon and
oxygen atoms, which in the proximity of the surface determines the bending of the level structures,
thus favoring NV centers. Surprisingly, intermediate oxidations seem to play an opposite role by
slightly decreasing this ratio. Although the reason for this phenomenon is not completely clear, a
possible explanation can be associated with the progressive formation of a different variety of
oxygenated moieties. More precisely, it has been shown before that exactly in correspondence of
intermediate oxidation temperatures and process times, the transition from isolated C=0 surface
groups to more complex and interconnected structures, such as anhydrides and lactones, might
occur. As exemplified in Figure 58, due to the possible presence of opposite dipole moments, this
kind of chemical groups can present a net dipole that is lower respect to that of single carboxylic
acids or carbonyls present in DRIFT spectra of mildly oxidized ND, thus potentially explaining the
partial decrease in the NV/NV? ratio.

I Net dipole

Single dipole

Figure 58: schematics of the dipole moment of surface C=0 groups. As can be evinced in this
example regarding the condensation of carboxyl acids into anhydrides, the formation of such
complex structures can reduce the net dipole moment. Similar phenomena can occur in the

formation of lactones or esters.
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Other alternative explanations could be attributed to the gradual removal of surface contaminations
which might have a quenching effect more pronounced on NV centers with respect to NV-, or the
water interaction with the surface chemical bonds which might also slightly reduce the dipole
moment of surface oxygenated groups. Elsewise, the gradual etching of surface graphite, as the
oxidation level increased, might have reduced the thermal heating of the ND under laser irradiation
during the PL analysis [82], thus decreasing the ratio [166].

Finally, at 525 °C for oxidation time > 24 h, the ratio slightly increases again, probably due to the
reduction in the crystals dimension. Consequently, the larger surface area, being oxidized, might
favor a further increase in NV centers. In addition, the strong increase in C-O species observed in
DRIFT spectra at such high temperatures and times, by augmenting the general surface oxidation

status, could have promoted a further increase in NV centers.

3.2.3 Hydrogenation
In the first chapter, the potential application of hydrogenated ND for the enhancement of free
radical generation in radiotherapy has been discussed. Pushed by the promising data already
published, the research group decided to start investigating this interesting surface termination.
Since the hydrogenation process on nanodiamonds was never attempted before by the solid-state
physics group of the University of Torino, only preliminary data concerning s-E6-MND are shown.
Figure 59 summarizes the processes that were carried out. Other comparative samples were

prepared to verify the difference in the assessed properties.
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Figure 59: processes carried out on s-E6-MND
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All the samples at each treatment step were characterized both with electrical measurements and
DRIFT spectroscopy. Similarly to the measurements presented in section 3.2.1, ND powders were
firstly heated at ~120°C for 30 minutes allowing the complete desorption of water. Afterwards, the
powders were kept at a relative humidity h = (32.6 £ 0.8) % for 18 h. Figure 60 reports the resistance
values obtained from the I-V curves. Untreated and ann. + ox. samples showed similar
conductivity, while annealed ones presented slightly higher resistance, in accord with data shown
in 3.2.1. Conversely, all hydrogenated ND presented a marked decrease in resistance. The results
are thus in line with the expectations discussed in 1.6.2, as the lower resistance of hydrogenated
samples can be attributed to the transfer doping mechanism [127]. Due to the previous removal of
surface contaminations, the resistance drops more significantly when the hydrogenation process is
performed following purification by air oxidation. The successful hydrogenation is also confirmed
by the high resistance of ann.+ ox. + ann. ND, as the final re-annealing at the same dwell time and
temperature conditions (but different gas) determined a completely different effect on the electrical
properties.

Untreated ——

Annealing
Ann. +H,
Ann. + Ox.

Ann.+0x.+H2-I

Ann.+0x.+H2-II

Ann.+0Ox.+Ann.

Figure 60: resistance values calculated from I-V curves of s-E6-MND at controlled humidity
conditions h= (32.6 + 0.8) %.

However, as anticipated in the introduction, it is worth recalling how the model of transfer doping
is basically referred to bulk diamond. Nonetheless, the presented results, consistently with the

observations of a previous work on ND [127], seem to validate this effect also in the case of ND



powders. The transfer doping mechanism is probably directly involved in an easier conduction in
the single ND, while, when passing from one ND to the other, indirect effects of this mechanism
might occur, such as the increase in the number of electrons present in the surface water layer (see
Figure 21) or the movement of electrons (at the basis of holes conduction) between the ND grain
borders.

To further confirm the success of the process, DRIFT spectroscopy was carried out to characterize
the surface chemistry of ND. Spectra are reported in Figure 61, resulting for untreated, annealed

and ann. + ox. samples in line with what was reported in paragraph 3.2.1.
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Figure 61: DRIFT spectra of s-E6-MND treated as schematized in Figure 56.

With respect to oxidized ND, in the spectrum of ann.+ ox. + ann. ND both v (C=0) (around

1800 cm™) and v(O-H) (3650-3000 cm™t) modes were reduced, while a mild enhancement of
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v(C-H ) signal is registered between 2990 cm tand 2800 cm L. Also, a decrease of C-O signals at
low wavenumbers is observed. Hence, in general, the further annealing of the ann. + ox. samples
restores the surface termination of the annealed ones, with a consequent hydrophobicity that
prevents water adsorption and the occurrence of Grotthuss conduction mechanisms. The success
of the hydrogenation process is guaranteed by the emergence of a strong v(C-H ) absorption band
in the spectra of ann. + H and, more markedly, ann. + ox. + Ho-l and ann. + ox. + Ho-11 samples,
thus confirming more effective hydrogenation when carried out after oxidation. Other absorption
bands signals resulted very similarly to the case of annealed samples, with the general decrease or
disappearance of signals related to oxygen-containing groups, with a detrimental effect on surface
hydrophilicity. Despite this, even a very thin layer of water can be sufficient to allow the transfer

doping mechanism to occur, thus providing the significant resistance drop reported in Figure 60.

3.2.4 lon implantation of nanodiamonds

Due to their characteristics, MSY-MND were selected for the fluorescence enhancement by means
of ion beam techniques. Indeed, these nanocrystals are small enough to be interesting for
biolabeling applications and at the same time can guarantee the presence of a sufficiently large
crystalline diamond core to contain a good amount of NV centers.

As introduced in section 1.5.2, due to the low number of vacancies naturally occurring in the ND
lattice, only a minor fraction of the substitutional nitrogen atoms is coupled with these vacancies
forming NV centers. Hence, ion-induced damaging is necessary to increase the vacancy density
and consequently, after the thermal activation, the total amount of luminescent NV centers. To this
purpose, annealed + oxidized samples (N2 flux 2h 800 °C + air exposure 8h at 450 °C, as presented
in section 3.2.1) were subjected to the ion-implantation process to create new NV centers. After
dispersing the ND in isopropyl alcohol obtaining a dense solution, a couple of drops were deposited
on asilicon wafer square (~ 1 x 1 cm?) and dried under a light thermal source. As a result, a compact
~ (33 = 10) um thick layer of ND was obtained. The thickness and its variability were evaluated
via SEM microscopy (see Figure 62a). The samples were then implanted with a broad (5x5 mm?)
2 MeV H" ion beam at the AN2000 accelerator facility of the INFN National Laboratories of
Legnaro (INFN-LNL, see paragraph 2.2), with a beam current varying between 670 - 700 nA. With
the purpose of studying the trend of the ND fluorescence at different ion-damage levels, multiple
depositions were implanted at different fluences ranging from 1.5x10'* cm up to 1.5x10% cm™,
thus keeping sufficiently below the graphitization threshold of implanted diamond. The delivered

fluence was estimated from the integrated charge collected by a Faraday cup positioned inside the
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irradiation chamber. The total delivered charge is then divided by the charge of the proton
(e = 1.6 x 10*® C) and by the beam area.
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Figure 62: (a) thickness estimation by SEM of the deposited ND layer over the silicon substrate;
(b) energy of protons as a function of the depth in the ND layer (simulated with ppowger=1.5 g cm);
(c) linear vacancy density per ion of protons in diamond (simulated with ppuk=3.52 g cm™) as a
function of their energy; (d) linear vacancy density per ion realized in the ND layer as a function
of the depth, obtained by calculating the function interpolated from graph (c) at the energy values

of graph (b).

To evaluate the effect of the implantation, a Monte Carlo simulation was carried out using SRIM
software. In addition to the implantation parameters already described, in this case the setting of
the material density required more attention, since it is important to take into account the powder
nature of the sample. For this reason, while the density of bulk diamond is about 3.52 g cm™, due
to the spaces occurring between adjacent nanocrystals, the powder density will necessarily exhibit
a lower value. In order to estimate it, a 10 ml graduated cylinder was filled with the compressed
powder. Measured the contained mass, an effective density of ~1.5 g cm™ was obtained. Running
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the simulation with this value, the energy of the impinging protons as a function of the depth in the
ND layer was obtained (Figure 62b). Nonetheless, protons entering each single nanocrystal create
a damage level equal to that which would be realized in monocrystalline diamond. The estimation
of the linear vacancy density introduced in bulk diamond as a function of the ion energy was thus
obtained from a simulation carried out with a target density of 3.52 g cm™ (Figure 62c). In the end,
by interpolating data from the latter graph with the relation of Figure 62b, the linear vacancy density
realized in the ND layer as a function of the depth was plotted (Figure 62c), hence showing a
constant vacancy density profile until ~ 40 pm, being equal to ~ 1x10% vacancies ion* cm™.
Therefore, when considering a ND layer thickness lower than this value, the simulation suggests
an almost flat profile along its entire volume, while the Bragg peak (maximum energy release)
takes place in the silicon substrate. Finally, by multiplying the delivered fluence with the linear
vacancy density, the volume vacancy density can be obtained, resulting for example in the case of
F = 5x10%° ions cm equal to 5x10*8 vacancies cm,

After the proton irradiation, to complete the creation of NV centers by inducing the newly created
vacancy to migrate and couple with the nitrogen impurities, a thermal annealing in Ar flux was
carried out on all the samples for 2h at 800 °C.

In Figure 63a the PL spectra of MSY-MND before and following the ion implantation in the
exemplary case of F = 4.4 x 10'®cm2, is shown: after the ion irradiation, together with a significant
decrease in the PL intensity, the GR1 band appears around 745 nm, which was already found in
implanted bulk diamond in sections 3.1.1 and 3.1.2 preceding HTTA. On the contrary, the PL
spectrum acquired following the thermal annealing corroborates the coupling of N impurities with
the newly generated vacancies by showing a strongly enhanced intensity, the disappearance of the
GR1 band and a better outlining of the ZPL of the NV® and NV- centers.

Figure 63b shows the fluorescence intensity from the PL spectra of the samples (integrated from
565 nm to 780 nm) as a function of the delivered fluence, both before (red data) and after (blue
data) HTTA. Grey line represents the integrated fluorescence from not-implanted annealed +
oxidized MSY-MND. Data were calculated from the average of the integrals of 3-5 spectra
acquired for each sample and the error bar is the maximum semidispersion. Due to beam area
fluctuations and ion current inhomogeneities during the irradiation, a 20% of error in the fluence
values should be also considered.

Before the HTTA process, at low fluences there are no significant variations in PL intensity, while
it starts decreasing at higher fluences. This effect can be explained by the quenching effect due to
the new vacancies randomly introduced into the lattice by the proton irradiation [167]. After HTTA,

the photoluminescence increased at all damage levels, reaching the highest yield at the fluence of
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4.4x10'® cm, which corresponds to a vacancy density of ~ 4x10'° cm™. The latter value is
compatible with the damage level at which the maximum fluorescence from NV centers was
obtained following He implantation in a previous work for bulk diamond [105]. Once overcome

this value, the PL intensity starts decreasing because of the excessive damage.
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Figure 63: (a) spectra of MSY-MND before and following ion implantation (F=4.4x10% cm2) and
HTTA,; (b) integrated NV PL intensity of MSY-MND as a function of the delivered fluence (or the
damage density) before and after HTTA; grey line represents the PL intensity before ion

implantation; (c) NV/NV° ratio as a function of the fluence (or the damage density).
Further analysis was carried out to evaluate the ratio of the PL contribution of the two charge states

of the NV centers. In analogy with section 3.2.2, their ratio was estimated by considering

1700 nm / Is75 nm. Figure 63c shows its trend as a function of the vacancy density. After a general
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increase at lower fluences, at higher damage levels a flattening and finally a decrease (for
1.5x10Y" cm™2) of the trend is observed. According to a previous work [105], increasing the fluence
of implantation, a decrease of the NV/NV° ratio is expected. In fact, NV centers becomes
negatively charged because of the charge transfer from the substitutional nitrogen atoms, which act
as donors in the crystal. The higher the implantation fluence the higher will be the number of newly
created NV centers; as a result, the number of isolated N atoms capable of transferring electrons to
the NV centers is reduced, resulting in the increase of the relative number of NV? centers. However,
results in [105] were referred only to bulk diamond and the decrease of the ratio was observed only
at higher damage levels respect to the case under exam, starting around a damage density of
10%° cm3, which correspond approximately to the maximum fluences reached in the work of the
candidate. Nonetheless, while the initial decrease of the ratio in correspondence of the latter point
is well explainable as mentioned above, the increase at lower densities is still unclear, but was
already observed in ND in another work [168], ascribing the effect to the influence of the oxidized
surface. However, the measurements of Figure 63 are conducted following HTTA, thus being
essentially depleted of oxygen-containing species and suggesting the need of further future

investigation to solve this issue.

In order to better elucidate the mechanism underlying the phenomenon of NV center formation, a
simplified theoretical analysis has been carried out. Considering the atomic density of diamond
(pa=1.77x10%% cm®) and assuming a concentration of nitrogen impurities of the order of 100 ppm
(typical of HPHT diamond, see section 1.4.2), the corresponding volume density of nitrogen
impurities will be po ~ 1.77x10° cm™. It is worth noting at this point that the created vacancy
density estimated by the simulation in the case of the maximum obtained PL (F ~ 4x10% cm? —
pvac ~ 4x10%° cm2) is comparable with the density of nitrogen atoms, suggesting the explanation
for the maximum PL intensity observed at this fluence. With these assumptions, the maximum
number of NV centers that can be created is limited around ~ 10'° cm=. Nonetheless, the process
of NV center formation is also limited by an efficiency not yet available in literature for the case
under exam.

During the formation of NV centers, many variables are to be considered. To describe the
phenomenon, a differential equation can be formulated (eg. 10). An infinitesimal variation in the
density of created NV centers dpyy Will be proportional to the infinitesimal variation of vacancy
density dpyqc, Which in turns can be written as the product of the linear vacancy density
(A = 1x10® vacancies ion cm™, as estimated from Figure 62d) with the infinitesimal variation in

the delivered fluence (A dF). In addition, dpyy is proportional to the instant density of uncoupled
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nitrogen impurities py, since the higher is the density of free nitrogen impurities, the higher will
be the probability for a vacancy to couple with them. dpyy is also proportional to the volume of
migration of the vacancies, as the larger is the volume in which a vacancy can migrate, the higher
is the probability of coupling with a nitrogen atom (the whole average volume of a single ND,

V =8.7-10"Y" cm?, was assumed). Finally, a scale parameter 1 is introduced in the equation.

dpny =1 pnV dpyac =npy V AdF (10)

In turn, the instant density of uncoupled nitrogen atoms p, can be written as the difference between

the total density of nitrogen impurities po and the density of coupled NV centers pyy:

dpxy = 1n(po — pnvIVAAF (11)

PNV

Defined a = as the fraction of vacancy-coupled N atoms, by integrating the differential

Po

equation, the following relation (eq. 12) is obtained:

foild_;'; = fOF VAndF - a= % =1—09 e VAF 12)

The integral was calculated assuming an initial value of a; ~ 0.1. This value was extrapolated from
Figure 63b, by dividing the PL intensity of ND before the proton implantation (grey line) with the
maximum PL obtained at the fluence of 4.4x10® cm™. A linear relationship between the collected
PL signal and the number of NV centers was thus assumed for simplicity.

Figure 64a reports experimental data from Figure 63b after normalization with respect to the
maximum PL obtained at 4.4x10% cm (black squares). The green curve, obtained from the best
fit of eq. 12 with these data, showed a good agreement with the experimental trend, supporting the
validity of the model and providing a value of n ~ 0.001 vac™. The role of this parameter is to
define the order of magnitude of vacancies required to create a relevant amount of NV centers.

In light of all these considerations, the maximum value of fluorescence reached at F~ 4.4x10' cm
might correspond to the fact that most of the N impurities were coupled with vacancies, while
further damage results in the formation of isolated vacancies acting as quenching defects (effect
not considered in the model), thus determining a decrease in the PL intensity. As a result, at that
fluence, a concentration of ~10'° NV c¢m, corresponding to ~ 500-1000 NV centers per single ND,

can be hypothesized. Nonetheless, although the model is well in line with experimental data, these
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results are to be considered in light of a significant chain of simplifications which prevents from
precise evaluations.

Further reinforcement of the results can be obtained by comparing them with those of
Pezzagna et al. [169]. In this work, the yield of creation of NV centers for single implanted N atom
as a function of the ion energy was estimated in the case of N implantation. The yield (i.e.: the
probability, given a certain number of vacancies, for an N atom to get coupled with a vacancy)
showed an increasing trend with the ion energy, due to the higher amount of vacancies created
around the implanted nitrogen in the case of more energetic ions. Data presented in that work were
elaborated and combined obtaining the graph of the yield as a function of the vacancies created
(see Figure 64b). As expected, the graph showed an almost linear trend, with a slope change at the
lower yield values. In first approximation, this slope corresponds to the above-defined scale
parameter n and correlates the number of vacancies available with the probability of NV center
formation. Both the ND of this thesis and samples investigated in [169] were annealed following
ion implantation for 2h at 800 °C. By applying a model from a previous work [170], it can be
calculated that, following thermal annealing in these conditions, vacancies can migrate up to
d ~ 160 nm (eq. 13):

Eq
d~|Dyte s (13)

where D, = 3.6 X 107 cm?s™1, E, = 1.7 eV is the activation energy for vacancy diffusion, k is
the Boltzmann constant, T is the annealing temperature and t the annealing time.

In the experiment of [169], the maximum employed energy of N implanted ions was 20 MeV, and
the corresponding Bragg peak in which most of the vacancies are created (simulated with SRIM)
presents an half-width of ~200 nm, thus allowing in first approximation to consider all the
vacancies created as available to potentially form an NV center with the implanted N atom. When
considering the work carried out in this thesis, the number of vacancies to be considered available
for the formation of NV centers is defined by the product of the vacancy density and the average
volume of the single ND, V = 8.7-10"Y" cm® (a median diameter of 55 nm and spherical geometry
was considered). In the explored values of fluence, this number of vacancies ranges between 10
and 103, thus almost overlapping with the range of Figure 64b derived from the work of
Pezzagna et al. This consideration allows to apply the slope from the latter graph also in the
situation of the present work. Therefore, assuming for simplicity a linear trend, the slope of the
graph was evaluated with a linear fit, resulting in = 0.0066 vac™. By setting the latter value in
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eq. 12, the blue curve of Figure 64a is obtained. Interestingly, the resulting trend was quite similar

to that of the experimental normalized PL intensity as a function of the fluence excepted for a slight

stretch in the horizontal scale. This little incongruency could be ascribed to the fact that the

estimated value of ) was considered constant across all the vacancy density range.
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Figure 64: (a) fraction of total N atom involved in the formation of NV centers as a function of the

fluence. Green plot refers to the fit of experimental data with eq. 12, while blue plot corresponds

to eq. 12 by using # as extrapolated from 64b. Black squares correspond to the measured PL from

Figure 63b normalized to the maximum PL at 4.4x 10% cm~2. (b) Yield of creation of NV centers

per single N atom as a function of the number of vacancies created by the implanted N, derived

from [169].
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In a successive ion implantation run carried out following the characterizations presented in section
3.2.2 concerning “aggressive oxidations”, both annealed and annealed + oxidized 36 h at 500 °C
were chosen for proton irradiation. This oxidation level was selected as ND reached very high
fluorescence values, while avoiding excessive degradation that might have occurred at 525 °C.
Both types of samples were implanted with fluences of 4.4 x 10% cm™ (corresponding to the
fluence that maximized the PL intensity in the previous run) and 1 x 10'® cm™2. Sample preparation

and operations were carried out in total analogy with respect to the previous run.

Following the irradiation, the samples were processed and characterized with Raman/PL
spectroscopy. Firstly, the ideal time of re-annealing after ion implantation was investigated. To this
scope, annealed + oxidized samples were annealed in 3 successive times in Ar flux for 2 h at
800 °C. Figure 65 summarizes the results in terms of integrated PL intensity. Error bars are
obtained from the variability of the acquired spectra in different point of the substrate. As can be
evinced, after the second re-annealing, the fluorescence stopped to increase, allowing to conclude
that 4 h are sufficient to obtain the maximum NV centers formation, while further prolonging the

process could even be counterproductive (mild graphitization can occur).
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Figure 65: PL intensity of implanted MSY-MND following re-annealing 3 successive times for 2h
at 800 °C
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Secondly, annealed + implanted and annealed + oxidized + implanted MSY-MND were thus
subjected to 4 h HTTA, both showing 1.5 orders of magnitude increase in fluorescence (Figure 66).
At this processing step, the two samples only differ for their surface oxidation status, showing 1
order of magnitude of separation. Both samples were then treated with repeated air oxidations for
12 h at 500 °C, finally showing comparable PL intensities. Further oxidation cycles determined
only mild enhancements for previously not-oxidized samples (blue line), while a slight detrimental
effect occurred in the previously oxidized samples (pink line), as the process probably gets too
aggressive. The ratio of the intensity of NV/NV° for these series are reported in Appendix C,
showing results consistent with the trends observed following irradiations and oxidations showed

in the previous paragraphs.
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Figure 66: PL intensity at progressive treatments of implantation, HTTA and oxidation for both

previously oxidized and not-oxidized MSY-MND.

The mentioned post-processing treatments are carried out without removing the ND from the

silicon substrates and thus excessive oxidation negatively affect the amount of deposited powder,
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suggesting as more convenient the option of conducting the oxidation before the deposition and the

ion implantation.

Finally, in Figure 67 the PL comparison between the processing “path” of oxidized MSY-MND
implanted at 1 x 10*® cm™2 and 4.4 x 101 cm2 is shown. In the case of the latter fluence, following
ion implantation, a lower fluorescence is obtained, due to the higher damage level. Following
HTTA, the trend is inverted, as the major vacancy creation allows the formation of a higher number
of NV centers. The result is in accord with data already observed in the first run of ion implantation,

where 4.4 x 10 cm determined a superior fluorescence with respect to 1 x 10 cm™,
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Figure 67: comparison of NV centers PL intensity of oxidized MSY-MND following ion

implantation in the cases of F=1x10' cm2 and F=4.4x10% ¢cm2

In summary, up to date, the best processing scheme obtained by the candidate in order to optimize

the PL intensity of the investigated ND, suggests:

1) a first thermal treatment (HTTA) to graphitize amorphous carbon components of
ND (Ar or N2 flux, 2 h at 800 °C);

2) an air oxidation to remove the surface quenching phases at temperatures between
475 °C and 500 °C for times ranging from 24 h to 36 h;

3) proton irradiation delivering a fluence of 1 x 10'® cm™2- 5 x 106 cm™

4) post-implantation HTTA (Ar or N2 flux, 4 h at 800 °C);
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5) afurther mild oxidation to recover from the minor graphitization effects induced by
the ion implantation and the subsequent HTTA (see the slight increase in PL in
Figure 66 following the further oxidation), as well as promoting an increase in

NV/NV?, as NV~ centers are of major interest in quantum and sensing applications.

With this protocol, the integrated fluorescence resulted increased of ~ 3 orders of magnitude with
respect to unprocessed MSY-MND.

3.2.5 Biochemical functionalization

As discussed in the introduction, thanks to their biocompatibility combined with fluorescence and
magnetic optically active properties, ND are interesting for a wide variety of biomedical purposes.
However, specific, uniform and predictable surface functionalization with biomolecules still

remains the main task to make these nanosystems suitable for such applications.

Two main functionalization strategies for linking biomolecules on the surface of ND were

employed in previous works:

- the exploitation of surface oxygen-containing species (particularly carboxylic groups), by
using reactions such as esterification, amidation and etherification with small or large
organic molecules / polymers [112,171,172] .

- the involvement of the carbon double bonds in sp? graphitic surface layers, which allow the
direct linking of organic moieties with coupling [173,174] and cycloaddition reactions
(such as Diels-Alder) [82,175,176] .

On this basis, the colleagues of the Department of Drug Science and Technology (DDST) of the
University of Torino were supplied with MSY-MND in the following forms:

(1) annealed in N2 flux for 2h at 800 °C
(2) annealed as in (1) + oxidized 30 minutes at 400 °C
(3) annealed as in (1) + oxidized 1 h at 500 °C

The oxidation conditions correspond to the two extremes of the processes carried out by the
candidate and presented in paragraph 3.2.2 for milder oxidations. Starting from these samples
(different in graphitic and carboxylic groups surface amount), both Diels-Alder cycloaddition and
condensation reactions were performed. As the topic would go beyond the competence and the

activity of the candidate, the details of the processes are not reported in this thesis. Nonetheless, a
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brief comment concerning the most interesting results represent an important feedback to the work
reported in the previous paragraphs. Figure 68 schematizes the two kinds of reaction.

In addition to the thermally oxidized ND, another sample of annealed MSY-MND was
functionalized following an aggressive chemical etching with sulfonitric acids mixture, for

comparison.

Following the chemical functionalization process, thermogravimetric analysis [114] was conducted
to assess the obtained amount of linked molecules. Figure 69 shows, in the case of condensation
reactions with COOH groups, a progressive increase in surface conjugation adduct (in terms of
mmol of adduct over 100 mg of ND) as the oxidation treatment gets more aggressive. An opposite
trend is observed in the case of functionalization reactions involving graphitic components as
substrate, due to the gradual etching of these phases by means of the oxidation treatments. ND
pre-treatment with sulfonitric mixture proved to be the more efficient in removing graphitic phases

and covering the surface of ND with a higher amount of carboxylic groups.
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Cycloaddition on surface sp? phases

. + HzN/\MCOOH - H -_— U///[
(b)
Condensation on H,0
q o i
oo

. ¥ RS A e ————— ™ NHtBoc

Figure 68: functionalization reactions with demonstrative linking biomolecules by exploiting
1,3-dipolar cycloaddition involving surface graphitic layers (a) and condensation involving

carboxylic groups (b).
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Nonetheless, it is worth remarking that thermal oxidations performed on the samples were only in
the “milder” version (the maximum level was the case of air treatment for 1h at 500 °C). More
aggressive thermal oxidations shown in section 3.2.2 showed better removal of graphitic
components and higher amounts of oxygenated species on the surface of ND, probably providing
more degrees of derivatization in both cycloaddition and condensation reactions. Moreover,
differently from the thermal treatment, oxidation with sulfonitric acids is very difficult to reproduce
and control in a fine way. With these strategies it is possible to obtain NDs having multiple
decorations with heteroatoms in a simple, efficient, reproducible, tunable and versatile manner,

tailoring them for many purposes, for instance biomedical applications.
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Figure 69: surface loading following functionalization in the case of cycloaddition reaction over
graphitic surface phases (a) and carboxylic groups (b) as a function of the previous oxidation

treatment. Table listing the processes and the respective values of surface loading (c).

3.2.6 Functionalization with Cetuximab and in-vitro test
In this paragraph, a first attempt of in-vitro test with functionalized ND, performed by the
researchers of the DSTF, is reported. In this case annealed + oxidized (8 h at 450 °C) s-E6-MND
were functionalized with cetuximab, which is a specific monoclonal antibody that interacts
selectively with Epidermal Growth Factor Receptor (EGFR). The EGFR, in fact, is overexpressed
on the membrane of different types of cancer cells (e.g. colon, head and neck cancer) and the signal

transduction pathways associated are involved in the control of cell survival, cell cycle progression,

96



angiogenesis, migration and invasion, mechanisms typically altered in tumor tissues. Cetuximab
selectively binds to EGFR with an extremely high affinity and inhibits the function of the receptor
itself (Figure 70). In many cases, the presence of an activating mutation in KRAS, a protein
involved in the EGFR signaling pathway, is responsible of the onset of resistance to cetuximab.
The latter, after interacting with the EGFR, induces its internalization by endocytosis, thus
behaving as a vehicular agent in the drug delivery function, and a possible approach to overcome
the resistance linked to onset of mutations in the EGFR pathway, e.g. KRAS, BRAF, PI3K.

EGFR ligand Cetuximab

AARRKRNRRRERERERSY!

Stimulation Inhibition

Survival and proliferation

Figure 70: simplified scheme of the action of cetuximab. The block of the EGFR
cetuximab-mediated, is responsible of inhibition of the intracellular pathway and of the induction
of apoptosis [177].

In brief, cetuximab was grafted to ND surface (NDs-Ctx) exploiting a chain molecule acting as a
“bridge”, covalently linked to the surface by means of a condensation reaction with carboxylic
groups. After proper dilution in the cellular medium, a colon-rectal cancer cell line (DiFi) was
incubated with ND at a concentration of 100 pg mI™ and left in incubation for 24 h. After this time,
cells were washed, labelled with CellTracker™ Green CMFDA, (green emission) and fixed in
paraformaldehyde (4%). At this point, the interaction with the cell membrane and/or the
internalization degree (compared to a control sample of not-functionalized ND) were evaluated
with an inverted confocal Leica SP8 microscope. Images of ND fluorescence were acquired in the
range of the maximum emission of NV centers (640 nm — 720 nm), while cells were imaged by

exploiting the green labelling under 488 nm laser excitation.
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Figure 71 reports the acquired confocal microscopy images, coupled with the respective optical
images. The fluorescence images are the result of the overlap of two images acquired at 488 nm
(green cells fluorescence) and at 561 nm (red ND fluorescence). From the result, a higher
interaction level of ND with the cells is observed in the plate of NDs-Ctx treated DiFi cells, while
weak or no ND fluorescence signal was assessable inside the cells in the case of unmodified ND
administration, suggesting a successful linking, and partial internalization, of ND-Ctx with the DiFi

cancer cells.

(a) Only Nanodiamond

(b) ND + Cetuximab

Figure 71: optical and confocal images of ND administered to DiFi cells in the case of
not-functionalized (a) and cetuximab-conjugated s-E6-MND (b)

98



4 Conclusions and future developments

This section is meant to summarize the result obtained in the thesis. The general purpose of the
work was to characterize and modify both bulk diamond and nanodiamond with thermal processes

and ion beam-based techniques, with a focus on its further application in biomedical context.

Firstly, an optical-grade type Ila monocrystalline diamond sample was characterized by AFM and
Raman spectroscopy following implantation with a focused 8 MeV !B ion beam at multiple

fluences ranging between 1x10™ cm™2 and 4.4x10% cm™2,

AFM results showed the presence of the well-known swelling effect, together with an edge “lip”
still scarcely investigated in previous works. The measured lip geometry was compared with
previous theoretical prediction developed with analytical methods, resulting only partially
compatible with the expectations. The differences are probably ascribable to the fact that the
applied model was based on the characteristics of a post-annealing sample with uniform regions in
terms of mechanical properties. Indeed, following HTTA, due to the sharp conversion of the phases
below and above the graphitization threshold, the embedded structure possesses more defined
edges with respect to the situation before the treatment.

Concerning Raman characterization, first order diamond peak was analyzed in terms of intensity,
width and position at the different delivered fluences, showing results consistent with previous
works and confirming an agreement with what expected by the formalism of Kramers-Kronig

relationships.

The characterization after HTTA allowed the identification of the graphitization threshold in

correspondence of a fluence of 5x10% cm™

, Which corresponds to a vacancy density of
~4.4x10%? vacancies cm 3, in agreement with the range estimated by previous studies. Moreover,
an estimation of the thickness of the graphitic layers was performed by combining this result with
SRIM simulations, providing results consistent with the evaluated trend of the intensity of the
Raman G band at the different fluences. Finally, the characterization conducted on the areas
irradiated at a fixed fluence and variable ion beam current suggested the use of higher currents

when willing to limit damage during this doping procedure.

Aside from providing to the scientific community these integrative and systematic data with the

publication in [130], the above-mentioned studies allowed the candidate to become familiar with
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the impact of ion-beam techniques on the modification of diamond, as well as the use of Raman
spectroscopy in its characterization.

In section 3.2.2, the realization of biosensing multi-electrode arrays for the detection of action
potentials and exocytotic events from excitable cells was presented. lon beam lithography with He
ions was employed for the realization of the graphitic microchannels into the diamond matrix. The
choice of this material was considered due to the promising combination of both the properties of
diamond (biocompatibility, chemical inertness) employed as a growth substrate and of graphite

(electrical conduction) at the basis of the sensing microelectrodes interfacing with cells.

One electrode of the realized device was characterized by means of Raman spectroscopy, providing
maps of the integrated first order diamond peak and graphite-related G-band signals which
evidenced its emersion to the surface and allowed the identification of its structural properties. Also
the Raman map of the diamond peak shift was reconstructed, providing information about the

mechanical stress induced by the presence of the embedded electrode in the diamond matrix.

In addition, electrical measurements allowed the estimation of the electrodes resistance and
eventually, by applying the geometrical parameters, the resistivity, which resulted compatible with

that of nanocrystalline graphite.

Some examples of in-vitro measurements from cultured neurons and sinoatrial node from cardiac
tissue was also reported, demonstrating the proper functioning of the device for both potentiometric
action potential analysis and amperometric exocytosis detection. Results were comparable with
those obtained with conventional commercial instrumentation, with the main advantage, provided
by the uG-D-MEA, of performing both measurements with the same device. Presented data

concerning this topic where published in [101].

The larger part of the work was then focused on the processing and characterization of
nanodiamonds. Systematic analyses were carried out on differently sized as-received ND (both
DND and MND), as well as before and after annealing in a nitrogen environment and subsequent

thermal oxidation in air. As a result, the following general conclusions were established:

e higher fluorescence and lower graphitic content are observed in Raman spectra of oxidized
samples, especially MND, due to the partial removal of surface contaminations; oxidized
MND samples are thus more suitable when planning to applicate them for in-vitro

bio-labelling experiments;
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e hydrophilicity, and thus dispersibility, of the samples, as evidenced from DRIFT spectra
and DLS data, followed the general order oxidized > untreated >annealed, thus relating with
the amount of surface oxygen-containing groups; MNDs resulted easily dispersible in water
solutions, while DNDs presented a strong aggregation level and weak surface potential,
thus being less suitable for drug delivery and biomedical applications, where proper
stability and disaggregation in solution are essential;

e electrical measurements, in correlation with the other techniques, showed increased
conductivity in ND presenting a higher hydrophilicity profile, due to the occurrence of the
Grotthuss mechanism. Untreated DND can be considered when a low electrical resistance
is required, taking advantage of both the external graphitic phases and the relevant surface
water adsorption due to their hydrophilicity, while annealed MNDs should be preferred

when willing to avoid both these effects and to guarantee an insulating interface.

Two campaigns of systematic oxidations and characterization were then conducted on MSY-MND
in order to study the evolution in terms of surface chemistry (DRIFT spectroscopy) and
photoluminescence deriving from NV centers (PL spectroscopy). In general, higher oxidation
levels resulted correlated with a higher number of oxygen-containing chemical groups and
enhanced NV fluorescence. Regarding the first, mild oxidations determined the appearance of
mainly carboxylic and hydroxyl groups, intermediate levels a further increase of these species
together with the appearance of anhydrides/lactones and finally at highly aggressive conditions a
strong increase of mainly C-O groups and of surface hydrophilicity. Regarding PL analysis, a
tendency to a saturation was observed at the highest oxidation degrees, probably due to the almost
complete removal of surface quenching phases. Moreover, excessive oxidation resulted in a slight
decrease in fluorescence, as also the diamond core phases could have been affected. NV/NV? ratio
showed the highest value in the mildly oxidized samples, thus suggesting them as preferable when

a high concentration of NV-, for applications such as thermo-magnetometry, is required.

Hydrogenation of s-E6-MND was successfully conducted with a thermal process at temperatures
above 800 °C in H: flux, as confirmed by DRIFT spectra. Also electrical measurements showed a

significant increase in conductivity after hydrogenation with respect to the other treatments.

lon implantation techniques, in the specific case with 2 MeV proton beams, resulted effective in
drastically increasing the PL emission of NV centers from MSY-MND. In the explored values, a
fluence of 4.4x10'® cm™2, corresponding to a damage level of 4 x 10'° vacancies cm3, provided

the highest fluorescence yield, by determining about 1 order of magnitude with respect to
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unirradiated samples (after HTTA). Starting from untreated samples, the combination of thermal
processes with ion implantation allowed to reach, in the best cases, about 3 orders of magnitude

increase in PL.

Overall, the results provided useful insight into the connection between ND surface chemistry,
hydrophilicity, dispersibility and fluorescence, which are essential starting points for future ND
applications. Part of these presented data were published in [178]. Preliminary results were also
provided concerning the surface functionalization with demonstrative molecules, by evidencing the
possibility of finely tuning their amount by selectively controlling the degree of graphite and / or
carboxylic groups on the surface.

Future activities will be planned as follows:

e the acquisition of more detailed information about the ND surface chemistry, clarifying the
still unclear issues described in the previous pages, such as the real mechanisms occurring
at the different oxidation degrees and their effect on NV centers;

e in terms of dispersibility, it will be important in perspective of biomedical applications the
performing of DLS measurements in culture medium;

e the successful hydrogenation of s-E6-MND will allow to proceed with ROS generation
experiments under ionizing radiation and the performing of in-vitro assays. Regarding this,
a collaboration with ENEA institute (Casaccia, RM) has been established. Due to their more
suitable dimensions, the transfer of the same treatment on MSY-MND will be carried out;

e ionimplantation of ND with 2 MeV proton beams is limited by the small amount of material
irradiated in a single shift. To solve this issue and obtain higher quantities (required for
biochemical functionalization and biological experiments), the access to higher ion energy
facilities (possessing higher penetration depth and thus a higher achievable volume) will be
considered,;

e further functionalization processes will be carried out by supplying the colleagues of the
DSTF with ND oxidized at more aggressive levels, thus widening the range of tunability of
the surface derivatization degree;

e further in-vitro experiments with/without functionalization will be performed with ion
implanted and oxidized MSY-MND, to observe in real biolabeling experiments the

effectiveness of the efforts made to increase PL.
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Appendix A
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Figure A: DRIFT spectra of MSY-MND oxidized at 475 °C (a) and 500 °C (b) at variable process

times
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Appendix B

This appendix reports TEM images of MSY-MND oxidized at 450 °C for 3h (Figure Aa) and at
525 °C for 48 h (Figure A2b). Unfortunately, excepted for rare cases, the diffuse overlap of the ND
did not allow a proper recognition of the single ND outlines, preventing the acquisition of a
sufficient statistics for a size distribution assessment. Nonetheless, it is possible to observe how in
general ND oxidized at the strongest oxidation level (b) resulted smaller and with a more “rounded”
outline with respect to the sharp edges of case (a). This observation reinforces the effects of
photoluminescence deterioration and NV/NV? ratio increase at the strongest oxidation levels. In
addition, together with the increase in C-O/C-O-C surface species, the lower size might have been
crucial also in the increase in water adsorption and hydrophilicity observed in DRIFT spectra.

MSY-MND Annealed 2h at 800 °C +

(a) Oxidized at 450 °C for 12h (b) Oxidized at 525 °C for 48h

100 nm SRR - ” 3

Figure B: TEM images of annealed MSY-MND following oxidation at 450 °C for 12 h (a) and at
525 °C for 48 h.
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Appendix C
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Figure C: NV/NVC PL ratio of implanted MSY-MND following re-annealing 3 successive times for
2h at 800 °C (a) and following progressive treatments of implantation, HTTA and oxidation for
both previously oxidized and not-oxidized MSY-MND (b)
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Appendix D

In this appendix a preliminary assessment of ODMR measures with implanted MSY-MND is
presented. Data were acquired by researchers of the National Institute of Metrological Research
INRIM (Torino).

As introduced in section 1.4.4, the peculiar electronic level structure of the NV~ center can be
exploited to measure weak magnetic fields and small temperature variations, with interesting
applications also in biosensing [65-67,79,179]. Figure D1 reports the electronic level structure of
the NV~ center is reported. The ground state (*A;) and the excited state (3E) are spin triplets (letters
identify the type of orbitals symmetry). In the ground state, 3 spin configurations are possible. The
state with ms = 0, and the two states with ms = = 1 (which degenerate in the absence of an external
magnetic field). Due to the spin-orbit interaction, there is an energy difference between the state
with ms = 0 and the ms = + 1 states. The latter are situations with an energy higher than the state
ms = 0 by a frequency value equal to Ds = 2.87 GHz. The same happens also with the excited states
(3E) with a frequency difference equal to De = 1.42 GHz.

(a) (b)
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Figure D1: (a) level structure of the NV~ center [69]; (b) examples of ODMR spectra with different
applied magnetic fields [70].

When exciting the center with a green laser source (typical wavelength of 532 nm), the system
transits to the excited level while preserving its spin state. The relaxation to the ground state can
occur through several channels, depending on its ms spin state. The case ms = £ 1 presents two
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possible relaxation channels. The first is through a radiative transition, which relaxes the system
directly to the ground state while preserving the spin. This transition corresponds to a wavelength
of 637 nm. The second relaxation channel occurs with 30% of probability through a non-radiative
transition between °E and A, a subsequent transition from state A to state 'E which emits infrared
radiation at A = 1043 nm, and finally another non-radiative path to the fundamental level, but with
ms = 0 (inter-system-crossing). If the excitation starts from the ground state ms = 0 (and therefore
the excited state is characterized by the same spin) the system has a very low probability of a
non-radiative decay through the metastable states, and the relaxation occurs from the excited level
3E directly to the fundamental level, emitting radiation at a wavelength of 637 nm. Therefore, given
that ms = O states are brighter than ms = £ 1 states, by exciting the system with a laser source and
measuring the intensity of the emitted radiation, the electronic spin state in which the system is

located can be inferred.

The NV~ center electronic structure can be perturbated by a magnetic field, through the Zeeman
effect. This phenomenon occurs in presence of a magnetic field component parallel to the direction
of the magnetic moment of the NV center (typically referred to as the z direction) [65]. In

particular, the separation between the two states ms = +1 and ms = -1 is:
hAv = 2g.ugB, (14)
where g, = 2.002; pp =9.27 -107%J; h=6.626 -1073%] s

Thanks to these peculiar properties, by means of the Optically Detected Magnetic Resonance
(ODMR) technique it is possible to measure the spin state of the NV system. In this technique, the
NV~ center is continuously excited with a 532 nm laser source and a microwave field. The
photoluminescence is measured as a function of the frequency of the microwaves applied to the
sample. When the resonant frequency D = 2.87 GHz is reached, electrons are induced to transit
from ground state ms= 0 to ms = = 1 states. Thus, the laser excitation will determine mostly
transitions to excited ms = + 1 states which relax in 30% of the cases through non-radiative paths.
Therefore, in correspondence with the resonant frequency, the emission of the NV~ center
decreases. Adding an external magnetic field, this “dark” state ms = % 1 is split into two sub-level
states. In this case, the ODMR measurement shows two dips (figure 13b) corresponding to the
resonant frequencies of the system due to the transitions ms=0 — 1 and ms =0 — -1. The higher

is the applied magnetic field, the larger will be the separation between those frequencies.

The intensity of the ODMR spectrum as a function of the frequency v can be expressed as:
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I(V)=R|1—-Cf (==

[ ( Av )] (15)
where R is the emission rate of the incident photons, C is the contrast (i.e.: the difference in the
emission rate between the state ms = 0 and the states ms = £ 1, corresponding to the resonant
frequency), f is the function that fits best to the profile of the curve (Lorentzian curve), Av is the

peak width (FWHM), and vo is the resonant frequency.

In addition to the magnetic field measurement, also temperature variations can be measured with
this technique, due to their influence on NV complex spin levels [179]. Indeed, a higher local
temperature results in a larger lattice spacing of the NV center, thus reducing the spin—spin

interaction. As a result, while upon ambient conditions Ds is ~ 2.87 GHz, when temperature
changes, the Ds parameter follows y = % ~—74kHzK~! [180]. Experimentally, the

measurement is assessed by evaluating the frequency shift of the dips (towards higher frequency
in the case of lower temperature and vice versa in the case of a higher temperature). Although
theoretically the measure can be performed in the case of degenerate ms level (single dip), possible
internal strain (especially in ND) and the presence of the Earth’s magnetic field determines a slight
split in two undistinguishable dips whose convolution results in a larger dip which prevents a proper
assessment of the measurement. Consequently, an external magnetic field is generally applied to
completely separate the spin levels.

Measurements were conducted on MSY-MND following the subsequent treatments, selected from

ND processed as described in sections 3.2.2 and 3.2.4:

S1: HTTA 2 h 800 °C (N2) + air oxidation 36 h 500 °C + implantation H*
2MeV F=4.4x10%cm2+HTTA 4 h 800 °C (N2) + oxidation 12 h 500 °C

S2:  HTTA2h 800 °C (N2) + air oxidation 36 h 500 °C

Samples were dispersed in isopropyl alcohol, sonicated, deposited on a silicon substrate, dried and
finally analyzed. The experimental setup included an excitation light (80 mW optical power) at
532 nm that was obtained from the second harmonic of a Nd:YAG laser with high power stability
(Coherent Prometheus 100NE). The light was focused close to the bottom surface of the
nanodiamond sample through an air objective (Olympus UPLANFL) with Numerical Aperture
NA = 0.67. The diameter of the spot of the focused laser beam was ~ (10 x 10) um?. The power of

the excitation light was attenuated down to 1 mW using a Neutral Density filter. An Acousto Optic
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Modulator after the laser source was exploited to switch on and off the laser illumination on the
sample. This solution allows to shine the laser on the sample only during the measurement time,
reducing the total amount of light energy delivered to the sample. This is of key importance in
biological applications. The microwave control was obtained by a commercial microwave
generator (Keysight N5172B). The photoluminescence (PL) emission was spectrally filtered with
a notch filter centered at 532 nm and a long-pass filter centered at 650 nm, and finally collected
and detected by a single-photon avalanche detector (SPAD, SPCM-AQR 15, Perkin Elmer). The
signal from the SPAD was used for the ODMR spectrum acquisition. Spatial resolution of the

acquisition was within 1 um?, thus not allowing to ensure a measurement from a single ND.

Figure D2 shows examples of ODMR spectra acquired for samples S1 (a) and S2 (b). Starting from
the latter, differential spectra were calculated (Figure D2 (c) and (d)) and the slope s in

correspondence of the frequency of the first dip (differential signal = 0) was estimated.
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Figure D2: ODMR spectra of S1 (a) and S2 (b) MSY-MND and their respective differential
spectra (c) and (d).
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By repeating more times (at unchanged conditions) the measurement of the differential signal at
this specific frequency, a distribution and the corresponding standard deviation carairr Were
obtained (temperature was kept constant at 26 °C with an incubator). The latter is then converted

O-AFdiff

iNopr = ,which corresponds to the minimum assessable temperature variation. It is worth

1 L
N
the number of acquisitions and At the integration time. Therefore, the higher is the integration time,

noting that the standard deviation caraitr (and thus a,7) is proportional to , where N is

the lower will be a,r. In order to define a parameter independent from the duration of the

measurement, the sensitivity is defined as = 8Ty VAt = oapVAL .

As a preliminary assessment of the sensitivity of the processed ND, only 3 measurements from 3
different spots were performed for each sample, resulting in ng; = (5.5 + 0.6) K Hz=*/? and
ns; = (10.8 + 1.4) K Hz~'/2 lon implanted samples showed a better sensitivity with respect to
not-implanted ones, probably due to the higher amount of NV centers (and consequently
NV centers) in each nanocrystal. Further analysis will be conducted in the future with larger
statistics and other samples to verify which irradiation fluence and post-implantation processing

better optimizes the sensitivity.
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Appendix E

Filter Mag. Effective power (mW)
10x% 21
20x 17,1
No Filter
50x% 8,13
100x% 4,11
10x 2,07
20x% 1,69
D1
50x% 0,73
100x% 0,48
10x% 0,21
20% 0,178
D2
50x% 0,085
100x% 0,048
10x 0,023
20% 0,0196
D3
50x% 0,0147
100x% 0,0165
10x% 0,021
20x 0,02
D4
50x% 0,0218
100x% 0,021

Table 2: actual laser power impinging on the sample as a function of the applied filter and
objective, when acquiring Raman/photoluminescence spectra with Raman spectrometer Horiba
JobinYvon HR800
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