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Short summary

Nanomedicine, defined as the use of nanotechnology in medicine, is gaining a
rapid increase in the last decades due to the novel solutions that offers in the
diagnosis and treatment of diseases. It covers a wide range of research and
application of nanoscale materials for biomedical use and includes drug delivery
and targeting, imaging, and tissue regeneration. Carbon based nanomaterials are
one of the multitude materials used in nanomedicine that have received enormous
attention in particular due to their extraordinary intrinsic properties. However,
their synthesis and application face several challenges particularly related to the
extreme reaction conditions, complex instrumentations, high cost, environmental
impact, low yield and batch-to-batch reproducibility that limit their mass
production. In addition, despite promising preclinical research, toxicity related
issues have been limited their translation into clinics.

The work presented in this thesis includes a series of studies involving carbon-
based nanoparticles synthesized by a facile, reproducible and sustainable
synthetic approach for biomedical applications, from material synthesis and
extended physico-chemical characterization to the in vitro studies for the
application in therapy. The biocompatibility and biodegradation using in vitro
models was also investigated.

In chapter one, the optimization of the synthesis parameters is described in details
together with the physico-chemical characterization of the CNP using numerous
techniques. Moreover, the pro- and antioxidant properties were reported. We
found that CNP are clearly antioxidants in a study involving LPS-activated
macrophages, where CNP were internalized and were able to inhibit the
production of ROS and NO in dark conditions. These findings suggest a possible
use of CNP in all those pathological situations when an improper macrophage
activation is undesiderable, like chronic inflammatory diseases. Oppositely,
following NIR irradiation, CNP efficiently generate heat and singlet oxygen,
properties that were exploited in the promotion of cell death of alveolar tumor

cells, as described in chapter two. Results reported in chapter two suggest
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therefore that CNP may represent a promising photothermal/photodynamic agent
for the NIR-photo-therapy of tumors.

Beside efficacy, the successful translation of nanomaterials in the market is
closely related to the demonstration of their safety. Indeed, in the present thesis
different aspects of the in vitro biocompatibility of CNP are addressed. CNP were
tested for their biocompatibility toward epithelial cell lines and blood cells and
components exhibiting an excellent safety profile when non-activated by NIR
light. CNP appear also susceptible to degradation when incubated with the
immune-component enzyme hMPO. This finding was confirmed following
incubation ex vivo of CNP with primary human neutrophils and suggests that
CNP should not be biopersistent in vivo.

Overall, the reported promising results represent a first step toward the possible
clinical translation of these switchable sugar-derived nanoparticles.

Additional data reported in this thesis concern the application of CNP as
nanocarrier.

After in deep characterization of the pristine CNP, they were employed as a
carbonaceous carrier for the investigation of the effect of Fe and Cu ions
components in the airborne particulate matter, as described in chapter four,
evidencing the role of copper as determinant factor in the toxicity of PM.

In chapter five, CNP are used as drug carrier for the cationic antimicrobial peptide
Bac8c?°-®U. As CNP exhibit a highly negatively charged surface, the loading of
the peptide by electrostatic interaction leaded to the formulation of a highly stable
novel nanosystem aiming at the treatment of S.aureus infection.

Finally, the synthesis and characterization of a hybrid carbon shell-iron oxide core
(C@FeOx) is reported in chapter six. The nanohybrids were obtained by a highly
reproducible one-pot synthesis, capable of scavenging hydroxyl radicals,
characterized by low cytotoxicity and are easily degraded by extremely low
concentrated NaClO. C@FeOx may represent a combination of interesting
properties of both covering material and magnetic core thus increasing the number

of applications in nanomedicine.
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General Introduction

Nanotecnology represents an innovative field of the modern science and deals
with materials in the size range of the nanoscale, i.e. nanomaterials. Since few
decades, immense attention has been focused in exploring the potentials of
nanomaterials in different fields, especially in the biomedical field where they
could offer unique solution in the diagnosis and treatment of diseases. The
European Technology Platform for Nanomedicine (ETPN) released a first Vision
Paper in 2005, which represented a document defining the purpose of
Nanomedicine in Europe and consisted of “the application of Nanotechnology to
Health. It exploits the improved and often novel physical, chemical, and
biological properties of materials at the nanometric scale. NanoMedicine has
potential impact on the prevention, early and reliable diagnosis and treatment of
diseases”. [1] Nanomedicine includes three main different areas of research:

treatment, diagnosis and regenerative medicine.

Nanoparticles can be classified using different parameters, for example chemical
nature: organic and inorganic nanoparticles. Liposomes are organic biodegradable
nanoparticles (NPs) and the most extensively explored class of nanomaterials. In
addition, liposomal formulations have already entered the market [2]. Inorganic
NPs are also largely studied since the combination of intrinsic physical properties
(e.g. opacity to radiations, thermal and optical properties) with surface

functionalization allows the design of theranostic tools [3].

Nanomaterials have been already employed as nanovectors in clinical trial for
gene delivery and have been proved to be a promising candidate for improving
the safety and efficacy of gene-based therapies [4]. For example, nanoparticles
produced by the FDA-approved polymer, poly(lactic-co-glycolic acid), have been
proposed as gene vectors for the treatment of pancreatic cancer and shown to
protect DNA/RNA from degradation in vivo.[5] Liposomic-based nanoparticles
can encapsulate potent molecular anti-infectives, which exhibit poor permeability

throw cell membranes, enhancing their cellular uptake in order to improve the

13



efficacy in combacting intracellular pathogens and offering the possibility of oral
administration. [6]

Besides drug loading, nanoparticles in nanomedicine could be used as
therapeutics when exhibit interesting intrinsic properties.  Photothermal
properties of gold nanoparticles made possible the ablation of tumor as they are
able to convert the electromagnetic energy into heat sufficient for tumor cell death
[7]. Superparamegnatic iron oxide nanoparticles are able to generate heat when
an alternative magnetic field is applied due to their magnetothermal properties
[8]. Photodynamic properties of fullerene make possible the application in cancer
treatment and in infection diseases, as it generates cytotoxic reactive oxygen
species (ROS) when illuminated by light of the proper wavelength. [9]
Furthermore, nanosized materials have been attracted worldwide attentions also
in the diagnosis of diseases. Early detection can be particularly important
especially for patients affected by cancer. For example, SPIONs functionalized
with specific targeting moieties are reported to be able to accumulate at the site
of tumor after recognition of specific markers expressed at cell membranes of
tumor cells and enhance MRI detection of the tumor. [10]

NMs are also being investigated as scaffolds for tissue engineering and in bone
regeneration. Thanks to their structure, nanostructure scaffolds may promote cell
adhesion or migration, act as a synthetic extracellular matrix and enable tissue
ingrowth in three-dimensional manner. [11]

However, to accelerate the development of all the areas of nanomedicine,
nanomaterials, which exhibit multifunctional properties thus performing multiple
actions simultaneously, are highly demanded. Among the variety of different
classes of nanomaterials, carbon based nanomaterials could offer the possibility
of combining multiple function in a single nanostructure. The discovery of the
first member of this class of materials was achieved more than 30 years ago, and
since than CNMs have been used in a wide range of applications in nanomedicine
research [12]. The main biological and biomedical applications of CNMs include
their use as ultra-sensitive biosensors for glucose and DNA, nanocomposites for

neural and orthopedic prosthetic devices and delivery systems [13]. CNMs have
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good potential to be use in photodynamic therapy [14], [15], [16] and
photodynamic therapy [17], [18] thanks to their NIR light absorption and
photothermal and photodynamic effects. Moreover, they exhibit antioxidant

properties depending upon their structure. [19]

On the other hand, despite numerous advances, there are challenges regarding the
synthesis, uniformity and reproducibility in the growth of carbon materials.
Moreover, beside the many potential benefits of CNMs in the biomedical field, a
major challenge for the nanomedicine industries will be to ensure that the
nanodevices and nanomaterials used are safe for the human body and the
environment. Extensive research is required using in vitro and in vivo models to
test their biocompatibility before translation into clinical trials. Investigation
regarding the safety profile toward cell lines and primary human cells could be a
starting point to elucidate the toxicological profile of nanomaterials. However, it
is important to evidence that in a biological fluid NPs are immediately coated by
several proteins and biomolecules, such as lipids and polysaccharides. This
proteins adsorption on the surface of the nanoparticles gives rise to the formation
of a dynamic nanoparticle-protein corona (NP-PC) [20], which critically defines
the biological identity of the particle. Therefore, it can be assumed that the
interaction of NP with cellular structures is indirect and occurs mainly via the NP-
PC and not via the surface of the nanoparticles. Interaction of nanoparticles with
proteins is the basis of nanoparticle bio-reactivity [21], since the biophysical
properties that the nanoparticles acquire with the formation of the NP-PC are
different from those that had nanoparticles naked. This influence cellular uptake,
inflammation, biodistribution, drug delivery, degradation and clearance of the
nanoparticles throughout the body, also leading to potential unwanted biological
side effects. Thus, the characterization of the protein corona should be taken in

consideration when in vitro studies are performed.

The development of inorganic NMs has been slowed because of their possible
toxicity as a consequence of the accumulation in the tissues that may lead to

severe side effects. Carbon based NMs are insoluble in most organic solvents and
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aqueous buffers therefore potentially biopersistent. However, recent researches
demonstrated that enzyme peroxidases can cause biodegradation of carbon
nanomaterials. Allen and co-workers [22] were the first showing that
carboxylated SWCNTs were degraded through horseradish peroxidase (HRP),
which is a plant derived enzyme. Subsequently, the same group demonstrated the
degradation of oxidized SWCNTs by myeloperoxidase (MPO). MPO is a heme
peroxidase enzyme most abundantly expressed in neutrophil granulocytes during
first phase of inflammation that produces the strong oxidant hypochlorous acid,
involved in the degradation of CNMs. In the last decade, numerous studies have
evidenced the role of the enzyme and efficacy in the biodegradability of carbon
nanomaterial (CNM) such as carbon nanotubes (CNTSs) [23], fullerene [24] and
graphene [25], findings that could help to pave the way to CNMs application as

innovative nanomedicine multifunctional agents.
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Aim of the thesis

Carbon nanomaterials are attractive candidate for a variety of biomedical
applications since they could make possible the combination of multiple functions
in a single NP. They possess antioxidant, photodynamic and photothermal
properties, depending upon their structure. The possibility of surface
functionalization provides interesting opportunities for drug delivery. However,
the difficulties in large-scale production of particles with uniform properties and
the high cost of production limits the current medical application of these

nanostructures.

The overall aim of this study is to explore the unique and intrinsic properties of
carbon-based nanoparticles synthetized by low cost, highly reproducible, one-step
synthetic approaches and their safety and efficacy with the goal to contribute to
the advancement of the knowledge of these types of hanomaterials in biomedical
field.

In specific:

- To optimize the synthesis parameters in order to obtain tailored carbon-
based nanoparticles

- To investigate the pro- and antioxidant properties in cell-free systems and
their influence in the redox homeostasis of macrophages

- To evaluate the efficacy as photothermal and photodynamic agents in the
treatment of lung cancer

- Tostudy the biocompatibility toward different cell lines or primary human
cells and the propensity to undergo biodegradation in acellular and cellular
systems

- Toexplore the possibility to use CNP as nanovehicles for drug delivery or

other applications
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Chapter 1

Pro- and anti-oxidant properties of near-

Infrared (NIR) light responsive carbon
nanoparticles

This Chapter has been published in

I. Kokalari, R. Gassino, A.M. Giovannozzi, L Croin, E. Gazzano, E.
Bergamaschi, A. M. Rossi, G. Perrone, C. Riganti , J. Ponti, I. Fenoglio, Free
Radic Biol Med, 134 (2019) 165-176
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In this chapter, we describe the synthesis of a library of a new class of
monodispersed carbon nanoparticles derived from glucose by a green chemistry
fabrication method, following by an in-deep characterization of the product
presenting the lowest diameter. The cell-free tests included the investigation of
the physico-chemical properties of the surface and bulk structure and the pro-
/antioxidant characteristics. In addition, photoactivity of the samples was also
evaluated following NIR irradiation. Finally, in vitro cellular tests were
performed using murine macrophages in order to assess the biocompatibility and

the effect on the redox homeostatis of the cells.

The experiments regarding the synthesis and physico-chemical characterization
were performed at the Department of Chemistry, University of Turin. Raman and
SEM data were obtain at the Istituto Nazionale di Ricerca Metrologica, in
collaboration with Dr. Andrea Giovannozzi and Dr. Luca Croin. In vitro cellular
tests were conducted at the Department of Oncology, University of Turin, in
collaboration with Prof. Chiara Riganti and Dr. Elena Gazzano. TEM images of

cells were performed by Dr. Jessica Ponti, at the Joint Research Centre, Ispra.
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1.1 Introduction

Elemental carbon nanomaterials (ECNMs), a large family of different
materials, are widely studied in medicine. Among them, the most interesting
are those that contain m-m conjugated frameworks, in particular carbon
nanotubes [1], graphene [2] or fullerene [3].

ECNMs are characterized by a rich chemistry that enables them as carriers
for various therapeutic agents [4,5]. In addition, depending upon the bulk
structure, some of these materials exhibit physical properties like
fluorescence, photo-thermal (PT) and photodynamic (PD) capabilities that
suggest a possible use as both therapeutic and diagnostic agents themselves.
Photo-nanomedicine has gain significant attention as a branch of
nanomedicine focused on the treatment of tumour [6] and other diseases
such as infections [7]. It consists in employing nanoparticles (NPs)
switchable by light in order to obtain a therapeutic effect. In fact, some NPs
are able to strongly absorb light of a particular wavelength and convert it
into sufficient heat to induce cell death, which is the principle of photo-
thermal therapy (PTT). Nanomaterials including ECNMs, gold and iron
oxides NPs are widely studied as PT agents [8]. Alternatively, other NPs
generate highly cytotoxic Reactive Oxygen Species (ROS) through
different mechanisms following light exposure. This therapeutic approach
is referred as photodynamic therapy (PDT) [9]. The use of NPs as PD agents
instead of light alone or molecules, typically porphyrins, increases
efficiency and selectivity of the treatment if a selective uptake of the NPs
in the target cells is achieved by passive or active targeting. In the last
decade, numerous studies have explored the PT and PD properties of
ECNMs [3] like fullerene, single wall carbon nanotubes, graphene oxide,
with or without functionalization with light-sensitive molecules [10]. One
advantage in using ECNMs in PT or PD therapies is that they are activated
by near infrared (NIR) light. In fact, compared with UV or visible light, NIR
radiations exhibit reduced autofluorescence [11], lower photo toxicity and

deeper tissue penetration ability [8].
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Several studies report that ECNMs are redox active species [12]. Both
antioxidant and pro-oxidant properties have been described on the different
materials [13,14]. These properties are highly relevant in cancer therapy.
Cancer cells have level of ROS higher than normal cells. This has been
related to tumour initiation, promotion and progression. At the same time,
the increase of ROS concentration may activate pathways detrimental for
tumour cells like apoptosis, necrosis and autophagy [15]. Therefore, several
substances included ECNMs able to either suppress or promote ROS, have
been proposed as anticancer agents. Redox properties are also relevant for
the safety of nanomaterials. In fact, an unbalance of the ROS level in healthy
cells may activate inflammatory reactions or, on the contrary, may induce
immunosuppression. In the case of ECNM, a comprehensive view on the
effect of the various materials on cancer and healthy cells is still lacking. At
the same time, while a wide number of studies suggest that the optical,
thermal and redox properties of ECNMs are modulated by size, shape,
surface and internal structure [16,17], the achievement of quantitative
relationships between intrinsic and functional properties is still a challenge.
Saccharides-derived carbon nanoparticles are an emerging class of ECNMs.
Like other carbonaceous particles (soot, carbon black, etc.), they are
substantially composed by amorphous carbon. However, they exhibit
graphitic patches embedded in the amorphous matrix.

They have potential applications in several fields like adsorbents for heavy
metals [18] or composites for energy storage [19]. Some studies suggest a
possible use also in medicine as nanoplatforms for theranostic applications
[20-23]. However, no data are available so far on their redox properties.
In the present study, a reproducible and high yield synthesis of CNPs
derived by glucose (CNPs) of nanometric size has been achieved. The NPs
have been studied for their bulk and surface properties and for their redox
properties with or without photo-activation with a NIR laser beam in cell
free systems. Finally, the capability of CNPs to modulate the redox

homeostasis of macrophages was evaluated.
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1.2 Materials and methods

Carbon black (CB1) was obtained by oxidation in H2SO4/H20> solution of
activated charcoal (Sigma-Aldrich, Germany). Carbon black (CB2) was a
kind gift of Dr. Michela Alfé (Istituto di Ricerche sulla Combustione —
CNR, Naples, Italy). Fullerene powder, hydroxylated, Cso(OH)n, used as
positive control in the generation of singlet oxygen, and 2,2,6,6-
tetramethyl-4-piperidone monohydrate, 99% (TMP) were purchased from
Alfa Aesar (Germany). Sodium polyacrylate, D(+)-glucose, thionine
acetate salt, phosphate buffered saline powder, EDTA, glutathione reduced
and 5,5’-dithiobis(2-nitrobenzoic acid) were obtained from Sigma-Aldrich
(Germany). 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was obtained from
Cayman chemicals (USA). Ultrapure water was obtained from a Milli Q
Plus system (Millipore, Bedford, MA, USA) and was always used freshly
prepared. All other chemicals and solvents used were at least of analytical
grade. When not otherwise specified, other reagents were purchased from
Sigma-Aldrich.

1.2.1 Synthesis of glucose derived nanoparticles

Preparation of carbon nanoparticles was achieved using the hydrothermal
carbonisation method. Firstly, glucose in different amounts was dissolved
in 50 ml of ultrapure water by magnetic stirring and sodium polyacrylate
(15 mg) was then added in order to prevent the typical cross-linking of the
nanoparticles during the synthesis. The solution was transferred in a Teflon-
lined stainless-steel autoclave (100 ml, Bichi AG), and placed in a
preheated oven at 190 °C for 3-8 h. The different synthetic conditions are
summarized in Figure 1.1. After the synthesis, the nanoparticles suspension
was concentrated, purified with ultrapure water by ultrafiltration using
Vivaflow 50R cassettes (Sartorius, 30 kDa cutoff) and air dried at 70 °C for
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at least 48 h. The yields of the synthesis were calculated based on the mass

of glucose used.

1.2.2 Morphological analysis

Morphology studies of  the  CNPs samples, CBl1 and CB2
were performed using scanning electron microscopy (SEM,
QuantaTM 3D FEG DualBeamTM). In the case of carbon black samples,
the samples were sputter coated by a thin layer of conductive metal (20 nm
of AuPd) to prevent charging of the surface and to promote the emission of
secondary electrons. The geometric diameter for CNPs samples was
measured using the software ImageJ and expressed as mean of the diameter
of up to 600 particles.
The optimized formulation was also analysed by high-resolution
transmission electron microscopy (HRTEM). Micrographs were achieved
with a 3010 Jeol instrument operating at 300 kV. Aqueous CNP suspension
(0.05 mg/ml) was dropped on a copper grid covered with a lacey carbon
film.
The mean hydrodynamic diameter and polydispersity index (PDI) of
nanoparticles were obtained using a Zetasizer (Nano ZS Malvern
Instruments) based on the dynamic light scattering (DLS) technique. The
nanoparticles were suspended (1 mg/ml) in ultrapure water, sonicated

(Bandelin Sonopuls HD 3100) and then diluted 1:5 in ultrapure water.

1.2.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out in order to analyse the
thermal stability of the nanoparticles and the presence of adsorbed species.
The samples (ca. 3 mg) were placed in an open platinum pan which was
supported by an ultra-microbalance (sensitivity 0.1 pg) and heated at a
temperature range 35-700 °C at scan rate of 15 °C/min under N2 (flow rate

35 ml/min) in a Pyris 1 TGA (PerkinElmer, MA, USA).
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1.2.4 Surface area determination

The specific surface area (SSA) of the powders was measured by adsorption
of N2 at 77 K, applying the BET model for the analysis of results. For CNP
the geometrical specific surface area, calculated by the mean diameter of
the particles (TEM) and by considering a density equal to that reported for
graphite (2 g/cm3) was used.

1.2.5 UV-VIS-NIR spectroscopy

UV-Vis-NIR spectra of aqueous suspensions of the CNP and carbon black
samples (0.05 mg/ml) were recorded at 1 nm intervals from 200 to 2500 nm

on a CARY-5000 Varian spectrophotometer.

1.2.6 Fluorescence spectroscopy

Fluorescence spectra were obtained by a Fluorolog TCSPC Horiba Jobin
Yvon Fluorescence Spectrophotometer. Aqueous suspension of CNP (0.2
mg/ml) was placed in a quartz cuvette (100 QS Hellman). In order to
determine the emission wavelength of maximum intensity, the sample was
excited using different wavelengths ranging from 285 nm to 515 nm. The
emission spectra were recorded from 200-700 nm range. Confocal images
of CNP were obtained by an Olympus Fluoview 200 laser scanning
confocal system (Olympus America Inc., Melville, NY, USA). A drop of
non-sonicated aqueous suspension was placed on a microscope slide. The

excitation wavelength range was set at 340-360 nm.

1.2.7 Raman spectroscopy

For good sample homogeneity, CNPs were prepared as reported [24].

Briefly, 5 mg of powder were suspended in 1 ml of acetone (spectroscopic
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grade NVR < 5%) and homogenized for 10 min in 80 W ultra-sonic bath at
15 °C temperature (Q700 Sonicator, QSonica). The solvent was allowed to
evaporate up to 25% of the initial volume and the samples were
homogenized again for 5 min in the same conditions. The suspensions were
then transferred in a flat vial and completely dried in air (at least 2 h) before
the characterization. Raman measurements were carried out using the
Thermo Scientific DXR Raman confocal microscope system equipped with
an excitation laser source at 532 nm, a full range resolution grating of 3

cm™! with a spectral range from 50 to 3500 cm™*

, a 20x long working
distance microscope objective, a 50 um pinhole aperture and an automatic
X, y motorized stage. Micro-Raman mapping was performed on each sample
within an area of 400 pm? using a step size of 5 um and collecting 25 spectra
in total. Each spectrum of the map was registered with 1 s integration time
and 70 scans. A low laser power of 1 mW was used to avoid thermal heating
and any possible damage of the sample. The spectra of each the map were
averaged and normalized to the band at about 1600 cm™. The curve fitting
was performed with the combination of Gaussian—Lorentzian line shapes
that gave the minimum fitting error. The structure and Raman spectra of
carbonaceous materials can be interpreted in terms of highly disordered
graphitic structures. However, these systems are radically different to any
disordered carbon created from graphite and cannot be perfectly modelled
by the Tuinstra-Koenig correlation [25], neither after the adjustments
proposed by Ferrari and Robertson [26]. Therefore, the fitting models
proposed by Sadezky et al., [27] and Li et al., [28] in the analysis of the
Raman spectra from burned carbon and pyrolyzed coals, respectively, were

preferred to deconvolute the Raman spectra of the CNPs here proposed.

1.2.8 {-potential

Electrophoretic Light Scattering (ELS) technique was used to determine the
zeta-potential of nanoparticles (Zetasizer Nano-ZS, Malvern Instruments,
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Worcestershire, UK) in the pH range from 2 to 10. An agueous suspension
of nanoparticles (0.8 mg/ml) obtained by probe sonication was diluted 1:3
with ultrapure water. The pH values of the resulting suspension were
adjusted NaOH or HCI, 0.1 M or 0.01 M. The results are mean values of

three experiments.

1.2.9 Quantification surface acidic groups density

A spectrochemical titration assay, previously reported with modifications
[29,30], was used for the quantification of surface acidic groups. The assay
is based in the thionine acetate (THA) adsorption on the negatively charged
moieties, which is responsible for the decolouration of the THA solution.
CNPs (2 mg) were suspended in ultrapure water (1.875 ml) by
ultrasonication and then an aqueous solution of THA (0.625 ml, 779.2 pM)
was added. After 30 min of incubation under magnetic stirring in dark, the
suspension was subjected to centrifugation (11.000 rpm for 30 min). The
resulting supernatant was collected, filtered and its absorbance at 604 nm
(Uvikon, Kontron Instruments, Inc., Everett, MA), due to the presence of
the non-absorbed THA, was measured and compared with a calibration
curve. The number of surface acidic functionalities was calculated assuming
that THA reacts with acidic groups in stoichiometric ratio 1:1. The results

are mean values of three experiments.

1.2.10 Evaluation of the photodynamic and photo-thermal
properties

The ability of the nanoparticles to generate singlet oxygen upon NIR
irradiation was studied by EPR/spin trapping technique. Samples were
prepared by mixing equal volumes of an aqueous suspension of CNP (4
mg/ml) and spin trap 2,2,6,6-tetramethyl-4-piperidone (TMP) solution (101
mM) in a quartz cuvette and then subjected to irradiation for 10 min at room

temperature. A laser diode emitting a wavelength of 945 nm (1.3 W/cm?)
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has been used as a light source. The laser light was conveyed through an
optical fibre toward a lens adjusted in order to tailor the light spot dimension
[30]. The potency of the laser was adjusted to a value normally used in PDT
studies [31]. EPR spectra were measured on the suspension (Miniscope
MS100, Magnettech, Berlin, Germany). The negative control consisted of
a TMP solution, while fullerenol Ceo(OH)n was used as positive control for
10, generation. In order to confirm the generation of singlet oxygen, the
experiments were repeated after fluxing the suspension for 5 min with
nitrogen (N2) to remove dissolved oxygen and in the presence of 0.3 M
NaNs. During NIR exposure, it was also investigated the capability of the
samples to convert the absorbed energy in heat by monitoring the
temperature of the suspension by means of a glass optic fibre sensor, a Fibre
Bragg Grating (FBG) [32], inscribed in a different fibre with respect to the
delivery one. This was in real-time interrogated with a homemade system
that provides the sample temperature every 0.5 s. This solution provides
more accurate temperature estimation: since the fibre optic sensor does not

absorb the laser light, the temperature is exactly the one of the solution.

1.2.11 Scavenging activity toward hydroxyl radicals

The scavenging activity of CNP towards hydroxyl radicals was evaluated
using electronic paramagnetic resonance (EPR)/spin trapping technique. 0.6
ml of a suspension of nanoparticles (5 mg/ml in phosphate buffer 0.5 M, pH
7.4) was transferred in a cuvette and stirred in the dark. 0.5 ml of a solution
0.15 M of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) in water and 0.2 ml
of a solution 13 mM of FeSO4 were added. The reaction was started by
adding 0.25 ml of a solution 0.2 M of H202. EPR spectra were measured on
the suspension (Miniscope MS100, Magnettech, Berlin, Germany). The

reaction was repeated in the absence of nanoparticles (control).
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1.2.12 Reactivity toward glutathione

The interaction of the samples with reduced glutathione was evaluated by a
modified Ellman's assay [33]. The method is based on the reaction between
5 and 5'-dithiobis[2-nitrobenzoic acid] (DTNB, Ellman's Reagent) and GSH
which lead to the formation of 412 nm chromophore, 5-thionitrobenzoic
acid (TNB) and GS-TNB.

Samples were prepared mixing equal volumes of aqueous nanoparticles
suspension (1 mg/ml) with a solution of reduced glutathione (GSH) (4 mM
in EDTA 1 mM/PBS 0.1 M) and incubated for 2 h under shaking at 37 °C.
The suspension was then subjected to centrifugation for 30 min at 11.000
rpm. The supernatant was collected and filtered. For the quantification of
the residual GSH, 100 pl of DTNB (4.3 mM in PBS 0.1 M/EDTA 1 mM)
were added to the same volume of supernatant and the mixture was
incubated for 5 min in the dark. The resulting solution was then diluted, and
the UV-Vis spectra were recorded in the range from 200 to 600 nm
(Uvikon, Kontron Instruments, Inc., Everett, MA). The concentration of
residual GSH was calculated from a calibration curve. UV-vis spectra of

the supernatant without Ellman’s reagent were also acquired.

1.2.13 Cells

RAW 264.7 murine macrophages were kindly supplied by Diana

Boraschi (CNR). Cells were cultured in Petri dishes in DMEM (Invitrogen
Life Technologies, Carlsbad, CA) supplemented with 10% foetal bovine
serum and 1% penicillin-streptomycin, then incubated in the same culture
medium for 24 h, in the absence or presence of CNPs before the assays. A
pyrogenic amorphous nanometric silica (Aerosil OX 50, Degussa Frankfurt
A.M., Germany) was used as positive control. The protein content of cell

monolayers was assessed with the bicinchoninic acid assay.
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1.2.14 Particles dispersion in cell medium

Nanoparticles stock suspension with a concentration of 1 mg/ml was
sonicated for 30 min in a bath sonicator followed by vortexing in order to
obtain a homogeneous dispersion. Aliquots of 1 ml were taken and
sonicated with a probe sonicator (Bandelin Sonopuls HD 3100, Ti probe
diameter 3 mm, power 400 W, frequency 20 kHz) for 2 min using the
pulsation mode at 40% of power. The final suspension was then diluted in
cell culture media at the desired concentrations. The stability of the
suspensions was evaluated by Dynamic Light Scattering (DLS, Zetasizer

Nano ZS, Malvern Instruments).

1.2.15 Measurement of lactate dehydrogenase leakage

The cytotoxic effect of the nanoparticles was measured as the leakage of
lactate dehydrogenase (LDH) activity into the extracellular medium, using
a Synergy HT microplate reader (Bio-Tek Instruments, Winooski, VT), as
previously described [34]. Both intracellular and extracellular LDH were
measured and then extracellular LDH activity (LDH out) was calculated as
a percentage of the total (intracellular + extracellular) LDH activity (LDH
tot) in the dish.

Purified LDH (from bovine muscle, purity > 99.5%) was used to rule out
the interference of CNPs on the enzyme activity [35]. Briefly, cell culture
medium in the absence (control) or presence of nanoparticles (10-320
png/ml) was incubated with 0.3 U/ml of LDH at 37 °C. After 24 h, the
medium was centrifuged, and enzyme activity was measured
spectrophotometrically in the supernatants. Incubations up to 80 pg/ml of
CNPs did not reveal any interference in agreement with what previously
found on carbon nanotubes [35] (data not shown). A negligible effect was

observed above the concentration of 160 pg/ml.
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1.2.16 Uptake and Intracellular distribution

The cellular uptake and distribution of CNPs was qualitatively evaluated by
TEM analysis. RAW 264.7 murine macrophages were incubated for 24 h
with 40 pg/ml and for 48 h with 160 pg/ml of CNPs. At the end of exposure,
cells were washed, detached and re-suspended in 2% Karnovsky solution.
Before analysis, Karnovsky solution was removed and cells re-suspended
in osmium tetroxide solution in 0.1 M cacodilate pH 7.3 for 1 h. After three
washes in cacodilate, 0.05 M of 10 min each, cells were dehydrated in a
series of ethanol solutions in MilliQ water (30%; 50%; 75%; 95% for 15
min each, and 100% for 30 min), incubated in absolute propylene oxide for
20 min and embedded in a solution of 1: 1 epoxy resin -propylene oxide for
90 min. This mixture was renewed with pure epoxy resin over night at room
temperature and later polymerized at 60 °C for 48 h. Ultrathin sections (50—
70 nm) were obtained using Leica UCT ultramicrotome (Leica, Italy) and
stained for 25 min with uranyl acetate and lead citrate for 20 min, washed
and dried. Ultrathin sections were collected on Formvar Carbon coated 200
mesh copper grids (Agar Scientific, USA) and imaged by JEOL JEM-2100

h-transmission electron microscope at 120 kV (JEOL, Italy).

1.2.17 Measurement of Reactive Oxygen Species

RAW 264.7 cells were incubated for 24 h in the absence or presence of
CNPs, then cells were incubated for 30 min with 10 uM 2 ~ )7 ~ -
dichlorodihydrofluorescein diacetate (DCFH-DA), as previously described
[36]. DCF fluorescence was determined using a Synergy HT microplate
reader at an excitation wavelength of 504 nm and an emission wavelength
of 529 nm. The fluorescence value was normalized to protein concentration
and expressed as units of arbitrary fluorescence.

The experiments were repeated by adding 1 pg/ml of lipopolysaccharide (E.
Coli 055:B5, Sigma-Aldrich) (LPS).
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1.2.18 Measurement of nitrite

RAW 264.7 cells were cultured for 24 h in the absence or presence of CNPs.
The amount of extracellular nitrite (the stable derivative of nitric oxide) was
measured spectrophotometrically, by adding 0.15 ml of cell culture medium
to 0.15 ml of Griess reagent in a 96-well plate. After 10 min of incubation
at 37 °C in the dark, the absorbance was detected at 540 nm with a Synergy
HT microplate reader. For each experiment, a blank was prepared in the
absence of cells, and its absorbance was subtracted from that measured in
the presence of cells. Nitrite concentration was expressed as nmol nitrite/mg

cell proteins.

1.2.19 Measurement of intracellular glutathione

Intracellular reduced glutathione (GSH) was measured as previously
described [34]. The Kinetics of reaction was followed at 415 nm for 10 min
using a Synergy HT microplate reader.

Each measurement was made in triplicate, and results were expressed as

nmolGSH/ milligram cellular proteins.

1.2.20 Cytokine measurement

Tumour necrosis factor-o (TNF-a) and interleukin-10 (IL-10) were
measured in the supernatants of RAW 264.7 cells using the Mouse
TNFalpha DuoSet ELISA (R&D Suystems, Mineeapolis, MN) and the
murine IL-10 ELISA kit (PeroTech Inc., Rocky Hill, NJ), as per
manufacturer's instructions. The results were expressed as pg cytokine/mg
cellular proteins.

The experiments were repeated by adding 1 pg/ml of LPS.
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1.2.21 Statistical analysis

All data in the text and figures are provided as means = SD. The results
were analysed by a one-way analysis of variance (ANOVA) and Tukey's

test. p < 0.05 was considered significant.
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1.3 Results and discussion

1.3.1 Synthesis and characterization carbon nanoparticles (CNP)

Since the first study reporting the identification of carbon NPs as product
of hydrothermal carbonisation of saccharides [37], different attempts have
been made to exploit this process in order to develop CNPs with specific
morphological characteristics. Spherical CNPs were previously obtained by
glucose [38]. However, cross-linking among particles during the synthesis
may occur [39]. To overcome this drawback, Gong et al. proposed the
addition in the reaction mixture of the polymer sodium polyacrylate [40].
To establish the optimal synthesis conditions for the preparation of NPs
with the desired size range, here we modified the original parameters of the
protocol proposed by Gong et al. in order to prepare NPs having diameter
lower than 100 nm. The effects of the explored synthetic parameters are
summarized in Figure 1.1a.

A comparison between the mean hydrodynamic diameter (in number
distribution) measured by dynamic light scattering and geometric diameter
derived from SEM images is shown in Figure 1.1b. The data confirmed that
all the particles obtained were in nanosize ranges with a mean diameter that
varies from 100 to 700 nm depending on the synthetic parameters. The
higher standard deviation in the mean geometric diameter of CNP1, in
comparison with the DLS data, is related to the presence of a very small
population of NP having a diameter around 100 nm that can be observed in
the SEM images but not during the DLS measurement, as the latter
overestimates the larger particles. The morphology of NPs was evaluated
by scanning electron microscopy. Figure 1.1c shows typical SEM images
of the different CNP. The NPs were all smooth and almost perfectly
spherical in shape with a narrow size distribution. The yields of the
synthesis after purification were 5, 22, 20% and 3% for CNP1, CNP2, CNP3
and CNP4, respectively, correspondent to 60-900 mg of product per
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synthesis. The polydispersity index for all the samples was below 0.15 (data
not shown), further confirming that in all cases narrowly dispersed NPs
were obtained [41]. The sample having the lowest diameter (CNP4) was
chosen for further characterization being the more promising candidate in
therapy. In fact, different studies concerning spherical particles, confirm
that a diameter of 50 nm seems to be the most favorable size in order to
reach the highest cellular uptake of nanoparticles in tumour cells [42].
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Figure 1.1. a) Summary of the parameters used in the synthesis of the CNPs; b)
Comparison between hydrothermal diameter obtained by Dynamic light
scattering (number distribution) and geometric diameter obtained by SEM
imaging of the CNPs suspended in water. c) SEM images of different preparations
of CNPs.

The synthesis was repeated several times to investigate the reproducibility.

The hydrodynamic diameters and polydispersion indexes of the different
batches are reported in Figure 1.2.
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Figure 1.2. Hydrodynamic diameter (from intensity distribution) and
polydispersion index of 21 different batches of CNP4.

Figure 1.3. Diluted CNP4 suspension (0.05 mg/ml).

A representative image of the purified suspension of CNP4 is reported in
Figure 1.3. The particles appeared composed by carbon (83.51%) and
oxygen (16.49%), as revealed by EDS analysis (data not shown). The bulk
structure of CNP4 was investigated by high resolution TEM. A typical TEM
image of CNP4 is shown in Figure 1.4. The nanoparticles appear spherical
in shape confirming what observed by SEM, and with a low contrast, in
agreement with a structure mainly composed by amorphous carbon.
However, by high magnification, crystalline domains embedded in the
amorphous structure of the nanoparticles were observed (inset). In the
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crystalline domains, the measured interlayer spacing was equal to 0.344 nm,

a value that suggests the presence of turbostratic graphite.

Figure 1.4. HRTEM image from sample CNP4. The top right inset shows
crystalline configuration.

Figure 1.5. Representative SEM micrographs of carbon black samples: (a) CB1
and (b) CB2.

The bulk structure of CNP4 was further investigated by Raman
spectroscopy, a technique largely used [43—45] to provide information on
the degree of ordering and crystallinity of carbonaceous materials [26—28].
In a high order single crystal graphite, Raman spectrum shows one band at
around 1585 cm ™2, i.e. the G (‘‘Graphite’”) band, only, corresponding to an
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ideal graphitic lattice vibration mode with E2g symmetry. In case of
polycrystalline graphite and disordered graphite systems, Raman spectrum
exhibits additional first-order bands (D or ‘‘Defect’” bands), whose most
intensive is the D1 band, which appears at around 1360 cm™ and
corresponds to a graphitic lattice vibration mode with Alg symmetry. The
D peak is due to the breathing modes of sp? atoms in rings and it grows in
intensity relative to the G band with increasing degree of disorder in the
graphitic structure. Few other second order modulations may be present in
the range from 2300 cm™* to 3300 cm™* [46,47].

The analysis was performed in comparison with two samples of carbon
black (CB1, CB2) having different degree of crystallinity, both composed
by nanoaggregates, as shown in the SEM images in Figure 1.5, and with a
specific surface area equal to 58 m?/g, for CB1, and 196 m?/g, for CB2. The
Raman spectra of CB1, CB2 and CNP4 and the deconvolution patterns are
shown in Figure 1.6a. A full list of the picks of each spectrum is reported in
table 1.1.

The D and G bands dominate the first-order spectrum of CB1. The peak at
~1585 cm™* comprises not only the G but also the D2 band known from

disordered graphitic lattices.
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Figure 1.6. a) Raman spectra and deconvolution patterns of CNP4 and carbon

black samples. b) TGA thermograms. % of weight loss recorded under N, (TGA
heating ramp 15 °C/min, N, flow rate 35 ml/min); c) Zeta potential versus pH

curves for CNP4 and reference samples suspended in water. The curves are

relative to CNP4 (open circles), CB1 (squares) and CB2 (circles).
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Table 1.1. Raman shift and vibration modes.

Raman  shift | Vibration modes
(cm?)
CB1 ~1620 D2 (disordered graphitic lattice)
~1585 G (graphitic lattice vibration mode with Exg symmetry,
~1530 alkene C=C)
~1460 D3 (aromatics with 3—5 rings, amorphous)
V. (methylene or methyl, semicircle breathing of aromatic
~1345 rings, amorphous)
~1240 D (Disordered graphitic lattice with A;g symmetry)
~1180 St (aryl—alkyl ether, para-aromatics)
D4 (C-C and C=C stretching vibrations of polyene-like
structures)
CB1 2D | ~3220 (2*D2) overtone
Region ~2920 (G + D) combination
~2690 (2*D) overtone
~2460 (2*D4) overtone
CB2 ~1600 G (graphitic lattice vibration mode with Epg symmetry,
~1530 alkene C=C)
~1455 D3 (aromatics with 3—5 rings, amorphous)
VL (methylene or methyl, semicircle breathing of aromatic
~1350 rings, amorphous)
~1245 D (Disordered graphitic lattice with A1y Symmetry)
~1180 St (aryl—alkyl ether, para-aromatics)
D4 (C-C and C=C stretching vibrations of polyene-like
structures)
CNP4 ~1840 oxygen-related functional group
~1620 D2 (disordered graphitic lattice)
~1585 G (graphitic lattice vibration mode with Exg symmetry,
~1550 alkene C=C)
~1425 D3 (aromatics with 3—5 rings, amorphous)
V. (methylene or methyl, semicircle breathing of aromatic
~1370 rings, amorphous)
~1300 Vr (methyl, semicircle breathing of aromatic rings,
~1200 amorphous)
~1145 D (Disordered graphitic lattice with A1y symmetry)
~1030 St (aryl—alkyl ether, para-aromatics)
D4 (C-C and C=C stretching vibrations of polyene-like
structures)
C—H on aromatic rings, benzene (ortho-disubstituted) ring
or oxygen-related functional groups
CNP4 700°C | ~1600 G (graphitic lattice vibration mode with Exg symmetry,
~1530 alkene C=C)
~1450 D3 (aromatics with 3—5 rings, amorphous)
V. (methylene or methyl, semicircle breathing of aromatic
rings, amorphous)
~1340
~1260 D (Disordered graphitic lattice with Aig symmetry)
~1180 St (aryl—alkyl ether, para-aromatics)

D4 (C-C and C=C stretching vibrations of polyene-like
structures)
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The valley between the two peak maxima can be attributed to another band
at~1530 cm ™1, which has been designated as D3 or A band in several studies
[27,48,49], that originates from the amorphous carbon fraction of soot and
aromatics with 3-5 rings. Two peaks due to overtones were also observed
in the 2000-3000 cm™* region further supporting the high degree of
graphitization of this sample Figure 1.7.

—— CB1 Raman Spectrum
0,4 i —— CB1 Composite Spectrum
——2*D4 (2460 cm™)
——2*D (2690 cm™)

G+D (2920 cm™)

2D*2 (3220 cm™)

Normalized Raman Intensity (a.u.)

T T T T T T T T T T T
3200 3000 2800 2600 2400 2200
. -1
Raman Shift (cm™)

Figure 1.7. Raman spectra of CB1 in the 2000-3000cm! region.

G and D bands were also observed in the Raman spectrum of the CB2
sample. However, a broadening of the G and D bands with respect to the
ones of the CBL1 together with an increase of the intensities of the signals
related to amorphous carbon bands (1530 cm™, 1455 cm™?, and at 1245
cm 1) was observed [50]. All these features reveal a lower degree of
graphitization and the related increase in structural disorder in the CB2 with
respect to CB1. Moreover, it is important to note that the G band moved
away from the position typical of the graphite at 1585 cm™ and shifted

towards ~1600 cm™*. This shift was previously observed in other studies
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[49,51]. No significant signals were observed in the second order region of
the Raman spectrum.

Raman spectrum of CNP4 shows a higher level of noise and a different
background slope compared to the spectra of the other samples. We infer
that this behaviour was mainly due to the photoluminescence of the CNP,
as confirmed by fluorescence measurement (see hereafter).

The amorphous carbon content in this sample was indicated by the broad
and overlapping bands across the spectrum. The G band does not only
comprise the peak at ~1585 cm™ but also the D2 band known from
disordered graphitic lattices at ~1620 cm ™. D band, not very well defined,
seems to be centred at 1300 cm™L. This suggests that it mainly arises from
larger aromatic features with six or more fused rings [27]. The overlap
between D and G bands was deconvoluted into three bands at ~1550 cm 2,
at 1425 cm! and 1370 cm! which represent typical structures in
amorphous carbons (especially smaller aromatic ring systems) as well as
the semicircle “breathing” of aromatic rings [49]. Few other bands were
observed in the present spectrum: the D4 band at 1145 cm ™ and the peak at
~1200 cm™%, that were previously assigned to sp?-sp® bonds with C—C and
C-C stretching vibrations of polyene-like structures and to the aryl-alkyl
ether respectively, and the bands at 1030 and 1840 cm™!, previously
attributed to oxygen-related functional groups [37].

In order to confirm the assignment of the Raman shifts observed for CNP4,
thermal annealing at 700 °C was performed. As expected, the Raman
analysis (Figure 1.8) revealed, together with a reduction of the spectral
noise due to photoluminescence, a decrease of the intensity of the D3 band,
while G and D bands rise thus confirming a partial graphitization of the
sample. In fact, despite the well-established association of the D band with
defects and disorder, the appearance of this signal requires ordered

graphene-like domains to be present [26].
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Figure 1.8. Raman spectra of CNP4 after thermal annealing.

Thermogravimetric analysis (TGA, Figure 1.6b) was performed in inert
atmosphere (N2) on CNP4 in comparison with CB1 and CB2. CNP4
resulted stable up to 250 °C, indicating that the nanoparticles do not have
significant amount of adsorbed species. Subsequently a continuous 40%
loss of weight in the 250-700 °C range was detected. This event may be
attributed to both loss of oxygenated functional groups and/or to the partial
graphitization of the sample [52].

The CB2 sample showed a 15% of loss of weight, with a first loss around
150 °C likely due to the desorption of water, while CB1 owns a high
stability in all range of temperatures considered, in agreement with the high
degree of crystallinity.

ECNMs are intrinsically hydrophobic. However, oxygenated functionalities
(-OH, -COOH, =0) may be present after synthesis or purposely inserted to
increase the hydrophilicity. In fact, NPs that are intended for systemic use

need to form stable aqueous suspensions. Electrostatic repulsion among
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particles, and consequently high { -potential values, either positive or
negative, should be achieved in order to ensure stability and avoid
agglomeration of the particles [53]. Furthermore, oxygenated
functionalities provide a suitable linkage for a wide range of moieties.
Figure 1.6¢ reports the C -potential values of CNP4 and reference samples
suspended in ultrapure water at 25 °C as function of pH. All samples exhibit
a negative zeta potential in the pH range from 2 to 10 that gradually
increases with increasing of the pH of the suspension. These values indicate
that the nanoparticles are surrounded by hydrophilic negatively-charged
groups, likely acidic carboxylic or phenolic groups formed during the
synthesis.

The presence of acidic groups was confirmed and quantified by titration
using the dye thionine acetate [29,30]. It was found that a single particle of
CNP4 is decorated by 4 x 10* acidic groups having a density of 3
groups/nm?, CB1 exhibited a density of 0.96 groups/nm?, in agreement with

the  -potential values less negative than CNP4.

1.3.2 Optical properties

The absorption spectra of CNP4 and reference spectra suspended in water
were recorded in the UV-vis—NIR range (Figure 1.9). As expected, the
carbon black samples were opaque in the whole range. CNP4 also absorb
light in the whole range, however, the absorbance in the NIR region was
much lower than the carbon black samples. This was expected due to the
less extended sp? carbon framework, as shown by Raman analysis [54].

Previous studies indicate that some ECNM exhibit fluorescence [21,55,56].
In the present case, the fluorescence spectra (Figure 1.10) revealed obvious
excitation-dependent emission spectra, which present maximum of

emission in the wavelength range of 345-375 nm.

49



1.5+
\\‘ AN

\ ——CNP4
\ ——CB1
——CB2

Abs. (a.u.)

0.0 T T T T T T T T T T
200 300 400 500 600 700 800 900 :1000 1100 1200

wavelength (nm)

Figure 1.9. UV-Vis-NIR absorption spectra of CNP4 suspension (0.05 mg/ml)

and reference samples.

The confocal microscopy analysis of the CNP4 suspension in water was
also performed in order to confirm the fluorescence properties of the NPs.
The nanoparticles emit in the blue light range after excitation in the 340—

360 nm range (Figure 1.10, inset).
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Figure 1.10. Excitation-dependent emission spectra of CNP4. Inset shows a
confocal laser scanning image of the carbon sphere obtained by using a drop of

an aqueous suspension of CNP4, excitation wavelength range 340-360 nm.
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1.3.3 Photo-thermal and photodynamic properties

PT activity under NIR laser beam irradiation was investigated in
comparison with the two reference samples CB1 and CB2 by monitoring
the temperature of the suspension during exposure to NIR radiation for 10
min. As shown in Figure 1.11a, all the NPs produced intense heat release.
Irradiation of the CNP4 suspension induced an increase of the temperature
of 40 °C by respect to water in less than 3 min. The thermal effect was lower
to those observed with CB1 sample, in agreement with the lower optical
absorbance in the NIR region (Figure 1.9), but still enough to reach a
temperature enough for cell death induction. Unexpectedly, a lower thermal
capacity was found for CB2 by respect to CB1. Since the optical absorbance
in the NIR region of CB2 was higher than CB1 (Figure 1.9) this result
suggests that heat dissipation capacity increases with the graphitic degree
of the material, thus confirming what found previously on carbon nanotubes
[57].

PD properties rely on the ability of the NPs to undergo energy or electron
transfer reactions to oxygen once activated by light. Two different
mechanisms are known. In the first (type | reactions) superoxide radicals
(02-) are generated while in the second mechanism (type Il) reactions
singlet oxygen (10,) is generated [58]. Superoxide radicals undergo a series
of well-known reactions that lead to the generation of the highly cytotoxic
hydroxyl radicals (OH-) [59].

The ability of the carbon samples to generate ROS upon NIR radiation was
studied using the EPR spectroscopy coupled with the spintrapping
technique. The generation of reduced species of oxygen (hydroxyl or
superoxide radicals) was monitored by using the spin trap DMPO while the
probe 4-oxo-TMP was used to monitor the generation of the singlet oxygen
(*O2). This probe specifically reacts with singlet oxygen generating the
stable free radical 4-oxo-TEMPO that exhibits a (1:1:1) three lines spectra
(aN = 15.7 G) [59]. For comparison, a commercial sample of fullerene

functionalized with hydroxyl groups Ceo(OH)n, was used as positive control
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[60]. Following irradiation with the NIR laser beam of an aqueous
suspension of CNP4, no signal was obtained using the spin trap DMPO
(data not shown) while the typical spectra of 4-oxo-TEMPO was observed
using the 4-oxo-TMP probe (Figure 1.11b). This indicates that the material
is able to transfer the absorbed energy to the ground state triplet oxygen by
a type Il mechanism generating singlet oxygen, while no type I mechanism
was observed.

a) 100 - b)
4 CB1
% cB2
80 4

G 7] CNP4 A 6B

@ 60

2 CB2 » . .

8 504 CNP4

g ]

g 40

R H,0 . 5 N Ce0 (OH)n

e\ s\ o pirtrendl\ oot b

20 4
4 ctrl
104 B e e Y A
]

T T T T 1 r T T T T T d
0 2 4 6 8 10 3310 3320 3330 3340 3350 3360 3370
time (min) Field (G)

Figure 1.11. a) Photothermal activity. Temperature change curves of CNP4, CB1
and CB2 suspension during NIR laser irradiation; b) Singlet oxygen generation.
EPR spectra generated after NIR laser irradiation of a suspension of the samples
(2 mg/ml) in the presence of TMP (50.5 mM). The three lines signal

correspondent to the 4-oxo-TEMPO species is indicated by asterisks.

The experiments were repeated i. by fluxing with nitrogen to remove
oxygen or ii. in the presence of the singlet oxygen scavenger sodium azide
(Figure 1.12). In both cases a significant reduction of the signal was
observed further confirming the generation of singlet oxygen.

From the intensity of the EPR spectra in Figure 1.11b it is possible to
observe that, similarly to CB1, CNP4 are able to generate singlet oxygen
with and efficiency higher than fullerenol, while CB2 appears inert. In the
latter case in fact, a single pick only was observed, not due to ROS but to
the presence of isolated carbon-centred radical species confined in the
internal structure of the material [61].
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To the best of our knowledge, this is first study reporting the intrinsic ability
of saccharides-derived nanoparticles to generate singlet oxygen. Albeit the
structural heterogeneity of the particles hampers a detailed description of
the photo-chemical processes leading to ROS generation, we undoubtedly
confirm the presence of moieties able to be excited to a singlet state S1 that
in turn undergo intersystem crossing to a T1 triplet state having halftime
long enough to transfer energy to ground oxygen. On the other hand, the
excited electrons and the correspondent positive holes of such moieties do
not have a redox potential allowing the reduction of oxygen to superoxide.
Oppositely to the release of heat, the generation of singlet oxygen does not
appear to be correlated to the graphitic degree of the materials.
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Figure 1.12. Singlet oxygen generation by CNP4. EPR spectra obtained after
irradiation with NIR laser beam of a) phosphate buffer 4-oxo-TMP solution; b)
phosphate buffer CNP4 suspension in the presence of 4-oxo-TMP; ¢) like (b) by
fluxing nitrogen to remove oxygen; d) like (b) in the presence of the scavenger
NaNs.
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1.3.4 Redox activity of CNP

ECNMs exhibit antioxidant properties due to their ability to scavenge ROS.
This property has been early reported for fullerene [62], carbon nanotubes
[13,63], and carbon soot [61].

The antioxidant efficiency appears related to the structural characteristics
of ECNMs [56]. For example, diameter, length, composition, abundance of
defects and chirality are known to modulate the scavenging activity of
SWCNTs [64-68]. Defects are particularly effective in modulating the
antioxidant activity since their abundance modifies the ratio between sp?
and sp® hybridized carbon atoms that in turn modulate the electronic
properties of the material. In fact, the scavenging may occur through
different pathways, like electron exchange between the particle and the
radical specie, addition of the radical on the carbon backbone [61] and,
furthermore, by hydrogen donation to the free radical species by surface
functionalities [69].

The scavenging activity of carbon nanoparticles toward the most aggressive
ROS, hydroxyl radicals (HO-), was tested by means of EPR spectroscopy
coupled with spin trapping technique. Hydroxyl radicals were generated by
the Fenton reaction as described in the method section. The high amount of
radicals generated in this condition is proved by the intense (1:2:2:1) four-
line EPR signal recorded, correspondent to the DMPO/HO- adduct
(aN=aH=14.6 G) (Figure 1.13a). When the reaction was performed in the
presence of the nanoparticles, the signal was completely suppressed in the
case of CB1 and CB2, while for CNP4 the EPR signal decreased, suggesting
a scavenging capability lower than the reference samples. The higher
activity observed for the carbon black samples might be due to an
abundance of crystalline patches higher by respect to CNP4. This suggests
a mechanism involving the addition of free radicals to the carbon backbone
or, alternatively, an electron transfer process. Conversely, a mechanism due

to hydrogen donation from the functional groups exposed to the surface to
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the hydroxyl radicals may be excluded since CNP4, exhibit abundance of

surface functionalities higher than CB1.
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Figure 1.13. a) Scavenging activity toward hydroxyl radicals. EPR spectra
obtained in a buffered solution containing 50 mM DMPO, 1.7 mM FeSO,, 32 mM

H,0, (control) and in the same solution in the presence of 2 mg/ml of the CNP4

or reference samples; b) Amount of glutathione consumed following the
interaction with CNP4, CB1, CB2 expressed as a function of mass (right) and as

a function of surface area (left).

Liu et al. [14] previously reported the ability of some ECNMs to oxidize
glutathione, one of the main antioxidant molecules of cells. In cells, this
property may result in a pro-oxidant effect. The oxidative potency of CNP4
was tested in comparison with two reference samples by monitoring the
glutathione depletion capacity. Figure 1.13b shows the degree of oxidation
of GSH after 2 h of interaction with CNP4 or with the reference samples,
quantified by the Ellman’s reagent. The effects of CNP4 and CB2 on GSH
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are comparable, while the depletion caused by CB1 was lower. According
to Liu et al., [14] a correlation between the exposed surface area and the
amount of GSH consumed exists. In the present case, when compared at
equal surface area (Figure 1.13b), the two carbon black samples exhibit a
similar specific reactivity, thus confirming the role of surface area
previously reported by Liu et al. However, in the case of CNP4 a higher
reactivity was observed. The UV-Vis spectra recorded on the supernatant
after incubation of the samples with GSH were also recorded (Figure 1.14).
A spectrum having a maximum at around 300 nm likely due to generation
of an oxidized form of glutathione was observed for all samples,
demonstrating that the decrease in GSH concentration was due to its

oxidation and not to an adsorption of the molecules at the NP surfaces.
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Figure 1.14. UV-Vis spectra of the GSH solution after incubation for 2 h at 37°C
with the samples.

The peculiar reactivity of CNP4 might be attributed to a different abundance

of active sites that Liu et al. suggested to be superoxide radicals adsorbed at
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the surface. Note that the capacity of CNP4 to consume glutathione (2.26
umol/mg) was much higher when compared with the amount of hydroxyl
radicals scavenged (0.00475 pumol/mg) suggesting the prevalence of the

pro-oxidant properties.

1.3.5 Characterization of nanoparticles in cell media

The size distribution and stability of CNP4 in the cell media was evaluated
by DLS, at different time incubation correspondent to those used in cellular
tests (0, 24 and 48 h). The analyses (Figure 1.15) showed one single
population of particles having mean hydrodynamic diameter around 200
nm, compatible with the presence of monodisperse particles surrounded
with a protein corona. No agglomeration or change in mean hydrodynamic
diameter was observed during the 48 h of incubation.
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Figure 1.15. Representative DLS analysis of CNP4 incubated for 0, 24 and 48 h
in DMEM at the concentration of 40ug/mL. Hydrodynamic diameter: 201.9 + 1.4
nm for t=0h, 193.2 + 2.4 nm for t=24h and 193.5 + 2.0 nm for t=48h.
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1.3.6 Cytotoxicity toward RAW 264.7 and uptake

CNP were firstly tested for their ability to induce cytotoxicity, measured as
leakage of intracellular LDH into the extracellular medium. RAW 264.7
macrophages were incubated for 24 or 48 h with the NPs at a concentration
range of 10-320 pg/ml (Figure 1.16a). A sample of pyrogenic silica was
used as positive control [70]. CNP4 do not elicit any cytotoxic effect on
macrophages in a wide range of concentrations. A significant cytotoxic
effect was observed only after 48 h of exposure with CNPs at the very high
concentrations of 160 pg/ml (Figure 1.16a). On the other hand, in these
conditions, an effect due to overload is likely.

TEM analysis was performed on RAW 264.7 incubated in the presence of
CNP4 (Figure 1.16b). Unexposed cells (negative control) showed normal
morphology without specific ultrastructure alterations. Nuclei are well
defined and all the organelles visible. Cells exposed at 40 pg/ml and 160
ug/ml of CNP4 for 24 and 48 h respectively, show groups of single particles
inside endo/phagocytosis organelles (endosomes) with an increased dose
and time dependent uptake. No sign of lysis of the phagolysosome

membranes was observed.
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Figure 1.16. a) Cytotoxicity of CNP4 toward macrophages: LDH leakage
following exposure to CNP4 for 24 or 48h at different doses. crl- is without the
nanoparticles; a sample of amorphous silica has been used as positive control. Vs
ctrl (0 pg/ml) *p <0,05, ** p<0.01; b) internalization of CNP4 in macrophages.
The arrows indicate the nanoparticles; (N) nucleus; (Mlb) multi lamellar bodies;

(E) endosomes.

These results exclude that the observed low toxicity was a consequence of
the absence of uptake of the particles by macrophages. The mechanism of
uptake is known to depend upon the size and surface charge of nanoparticles
[71]. In the present case, since CNP4 are not conjugated with targeting
agents, an aspecific endocytosis is expected. In this case, the small size and
the negative surface of CNP4 should favour their cellular uptake. In fact,
although still controversial, there are evidences that anionic nanoparticles
are more internalized than cationic ones due to the favourable electrostatic
interactions between the surface of the particles and the cell plasma-
membrane [72,73].
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1.3.7 Effect of CNP4 on the redox homeostasis of macrophages

CNPs to modulate the redox homeostasis in macrophages was evaluated by
measuring the generation of ROS or NO on non-activated or
lipopolysaccharide-activated macrophages following incubation with the

NPs at non-cytotoxic concentrations (40-80 pg/ml) (Figure 1.17).

The NPs did not induce ROS or NO production by macrophages under basal
conditions. On the contrary, when cells activated with 1 pg/ml LPS were
incubated with CNP4, a clear, dose dependent, inhibition of ROS and NO
generation was observed, indicating that an antioxidant behaviour of NPs
prevails in activated macrophages. To get insight onto the molecular
mechanism of this effect, the amount of intracellular reduced glutathione
was also measured (Figure 1.17): we did not observe any change in reduced
intracellular GSH, suggesting that the GSH consumed by the NPs, as shown
by cell-free tests, is efficiently restored by the glutathione reductase system
of cells. The predominant antioxidant effect may be therefore attributed to
the scavenging ability of the nanoparticles toward hydroxyl radicals.

Since ROS and NO are typical signs or macrophage activation during
inflammatory diseases (e.g. atherosclerosis, vasculitis, rheumatoid arthritis)
[74], our results suggest a potential use of CNPs in mitigating the damages
induced by activated macrophages on neighbour cells.

Furthermore, the low toxicity and the antioxidant effect toward
macrophages suggest a possible safe use of these nanoparticles in
nanomedicine. On the other hand, the antioxidant capability may mitigate
the oxidative burst typical of activated cells during photo-thermal or
photodynamic treatments. Further studies are in progress to investigate this

latter aspect.
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Figure 1.17. a) ROS generation by non-activated and LPS- activated
macrophages exposed to CNP4 for 24 h at non-cytotoxic doses. b) NO generation
by non-activated and LPS- activated macrophages exposed to CNP4 for 24 h at
non-cytotoxic doses. ¢) intracellular reduced glutathione in macrophages exposed
to CNP4 for 24 h at non-cytotoxic doses. Vs ctrl (0 pg/ml): ** p<0.01; * p<0.05;
vs control + LPS: °° p<0.01; ° p<0.05.

1.3.8 Effect of CNP4 on the cytokines production of
macrophages

Cytokines production is a paramount parameter of macrophages activation. To
investigate how CNP4 affect this issue, we measured the levels of TNF-a, chosen
as a paradigmatic pro-inflammatory cytokine, and IL-10, chosen as a
paradigmatic immune-suppressive cytokine, in RAW 264.7 cells, treated with
CNP4 at 40 and 80 pg/ml for 24 h, two concentrations that were not cytotoxic
(figure 1.16a), did not
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Figure 1.18. a) TNF-a production by non-activated and LPS- activated
macrophages exposed to CNP4 for 24 h at non-cytotoxic doses. b) IL-10
production by non-activated and LPS- activated macrophages exposed to CNP4
for 24 h at non-cytotoxic doses. Vs ctrl (0 pg/ml): ** p<0.01; * p<0.05; vs control
+ LPS: °° p<0.01; ° p<0.05.

alter intracellular ROS and GSH, nor production of nitrite (Figure 1.17), either in
unstimulated macrophages or in LPS-stimulated (i.e. activated) macrophages. As
shown in Figure 1.18, both concentrations increased the production of TNF-a in
resting macrophages. On the other hand, when LPS was added to mimic the
typical macrophage activation occurring in inflammatory situations [75] (e.g.
cardiovascular diseases, bacterial infections, cancers). CNP4 did not further
increase TNF-o, meaning that they do not amplify the TNF-oa-mediated
inflammation. Moreover, CNP4 did not significantly alter IL-10 production,
neither in basal conditions nor upon LPS stimulation, a strong inducer of 1L-10
production in macrophages [76]. In the oncological setting, a chronic
inflammation sustained by activated macrophages favours tumour progression.
Such prolonged activation, however, paradoxically leads to immune-system
exhaustion, inducing an immune-suppressive status that further promotes tumour
growth [77]. One of the most common signs is the production of IL-10 by

macrophages, that become pro-tumourigenic [77].

Overall, this experimental set suggests that CNP4 did not exacerbate the
production of TNF-a nor IL-10 in activated macrophages. Since CNP4 prevent
the undesired production of cytokines that amplify inflammation and/or shift the

micro-environment from inflammation to immune-suppression, our data reinforce
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the assumption that CNP4 are promising tools for those conditions where an
excessive activation of macrophages is dangerous, such as cardiovascular and

chronic inflammatory diseases potentially leading to tumourigenesis.
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1.4 Conclusions

In conclusion, CNP4 exhibit both pro- and anti-oxidant capabilities in cell-
free system. However, in macrophages the antioxidant effect prevails
suggesting a possible protective effect from the oxidative/nitrosative
damage produced by activated macrophages. Following NIR activation
CNP exhibit PT and PD properties. Interestingly, all these properties appear
to be modulated by the bulk structure of carbon NPs, thus suggesting a
possible optimization of these functional properties. We believe that the
present findings contribute to the advancement in a safe use of elemental
carbon NPs in nanomedicine. Furthermore, they suggest a possible use in
all those diseases where an improper macrophage activation is undesirable,

such as cardiovascular and chronic inflammatory diseases.
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Chapter 2

Assessment of the NIR-induced PT/PD
efficacy toward lung tumor cells and
biodegradability of carbon nanoparticles
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In the previous chapter, we describe the synthesis, the physicochemical properties
and the pro-/antioxidant properties of a new class of carbon nanoparticles derived
from the carbonization of glucose. The NIR-induced PT and PD activity was also
investigated in a cell-free system. Here, the PD and PT activities towards lung
epithelial tumor cells (A549) is reported. The experiments were performed at the
Department of Oncology, University of Turin, in collaboration with Prof. Chiara
Riganti and Dr. Elena Gazzano. The source of NIR light was a laser designed for
biomedical application developed by Prof. Guido Perrone, Dr. Riccardo Gassino
and Dr. Jennifer Pogliano at the Department of Electronics, Politecnico of Turin.
TEM analysis to investigate the cellular uptake was conducted by Dr. Jessica
Ponti, European Commission, Directorate General Joint Research Centre, Ispra,
Italy within the Framework of Access to the Joint Research Centre Physical

Research Infrastructure, access project CeTECaN.

The second part is focused on the evaluation of the in vitro degradation of carbon
nanoparticles and their safety. The experiments included cell-free studies and
cellular in vitro studies. The latter performed at Karolinska Institute, Stockholm,
in collaboration with Prof. Bengt Fadeel and Dr. Sandeep Keshavan. Raman
analysis was performed at the Istituto Nazionale di Ricerca Metrologica, INRIM,

Torino, Italy, by Dr. Andrea Giovannozzi.
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2.1 Introduction

Cancer remains an important cause of mortality in the world. Around 9.6 million
people are estimated to have died from cancer in 2018, amounting to 1 out of 6
world-wide deaths. Lung cancer is the leading cause of cancer-related death in
high-income countries and one of the main causes that influence a lower life
expectancy in males than in females (31.3 and 14.4 for 100000 population in men
and women, respectively, in 2016) [1]. By 2035, the number of lung cancer-
related deaths is expected to hike up to 3 million worldwide [2]. Varieties of
treatments have been employed in lung cancer therapy and mainly include surgery
and chemotherapy [3]. Nonsmall cell lung cancers represent approximately 85%
of lung cancers, however, only 25- 30% are suitable for surgery. In addition, lung
cancer resection is followed by low survival rate, with the exception of patients
with early-stage disease [4]. On the other hand, chemotherapy for lung cancers is
still associated with poor outcome due to the reduced selectivity, insufficient drug
concentration in the tumor tissue and frequent development of multidrug
resistance (MDR). Thus, innovative therapeutic approaches for more efficacious
treatment of lung cancer are urgently needed.

Phototherapies includes irradiation of a specific tissue with light and its use dates
back to ancient times. However, in the last century, they have gain great attention
mainly as an alternative to tradition cancer treatments. Moreover, different studies
reported that phototherapies can be combined with other therapeutical modalities
in order to enhance the therapeutic efficacy.[5], [6] Following phototherapies, the
interesting enhancement of the antitumoral immunity is also reported, which can
not only exhibit therapeutic effects toward disseminated tumors but could also
lead to advanced cancer treatment based on vaccination.[6], [7], [8]

In order to improve the potency and selectivity of phototherapies, a variety of
light-responsive molecular agents, like porphyrins, or photoactive nanomaterials
have been developed. Nanomaterials can exhibit intrinsic photoactivity or can be
properly functionalized with molecular photosensitizers. NP could be
administered via direct intratumoral injection and a prolonged retention is

expected due to lack of lymphatic drainage in tumor tissue and reduced blood
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flow [9] in comparison with healthy ones. Furthermore, in the case of surface
functionalization with targeting agents, orally or parenterally administered
nanomaterials could also provide a targeted treatment, which could remarkably
reduce the side effects of the therapy.

Phototherapy can be divided in two main categories: photothermal therapy (PTT)
and photodynamic therapy (PDT). PTT is an attractive therapeutic modality,
which involve heating cells to therapeutic levels in order to cause alteration of the
structure of endogenous molecules and lead to cell death by necrosis or apoptosis.
Nanomaterials having PTT properties, like gold or iron-based NM, are able of
photoconversion: absorption of electromagnetic energy with intense heat release.
PDT consists in the administration of molecules or nanomaterials able to generate
cytotoxic reactive oxygen species (ROS) when illuminated. In this case, the
photosensitizer absorbs electromagnetic energy and transfers it to the molecule of
oxygen. ROS can react with cellular vital biomolecules such as proteins,
unsaturated lipids and nucleic acids leading to cell death by oxidative damage
[10]. PDT treatment based on molecular photosensitizers has been already
approved for non-small cell lung cancer and the most commonly used is porfimer
sodium (Photofrin), which was introduced in the market more than a decade
ago.[11] However, thus far, the only nanoformulation for PDT treatment already
present in the market is Visudyne but it is intended for age-related macular
degeneration. One of the major drawbacks of the photosensitizers is
photosensitivity, which in the case of Photofrin can lasts even several weeks.

In both PTT and PDT, the wavelength of the light source is critical. The use of
near-infrared light is highly desirable since it is safe in comparison with light in
the UV range and possesses a longer penetration depth in comparison with light
in Vis region [12]. The light source can reach the tumor site by flexible endoscopy
under local anesthesia in the case of superficial endobronchial lesions [11] or can
be inserted intratumorally, for example throw a needle, in the case of deep-seated
tumors [13]. Among the different light-responsive nanomaterials, recent studies
report the ability of carbon-based nanomaterials, as carbon nanotubes [14], [15],

fullerene [16] and graphene [17] to boost the efficacy of PTT or PDT. However,
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their application in nanomedicine faces some challenges related to their
production such as the extreme reaction conditions, complex instruments, time
consuming purification procedures, high costs of production, low batch-to-batch
reproducibility. Moreover, pristine CNM tend to aggregate due to strong van der
Waals interactions because of their hydrophobic properties. Therefore, they must
be functionalized in order to be dispersed in aqueous media and to increase their
biocompatibility.[18] This further reduce the yield of final product.

As previously mentioned, hydrothermal carbonization has been proposed as a
green and sustainable route for production of carbon nanomaterials. Using this
technique, we recently reported the synthesis of glucose-derived carbon
nanoparticles (CNP) possessing the ability to generate ROS and heat upon NIR
irradiation in cell-free tests [19], as described in details in chapter one. Here, we
investigated the possible use of CNPs for the therapy of lung tumors by evaluating
the effects of CNPs activated by NIR laser beam on human A549 lung
adenocarcinoma cells.

Besides efficacy, one of the main obstacles for the translation of nanomaterials
for biomedical applications from the laboratory to the market is their
biopersistency. The latter is related to a possible accumulation in the body, which
could lead to short and long term harmful effects. For this purpose, the
investigation of the degradation of the CNP in vitro and in vivo is a crucial aspect
of their safety, which, together with previous cytotoxicity studies included in the
first chapter of this thesis, could pave the way to the medical application of these
relatively new nanostructures.

In the last decade, several studies have evidenced the role and efficacy in the
biodegradability of carbon nanotubes (CNTSs) [20], fullerene [21] and graphene
[22] of an oxidative human enzyme, myeloperoxidase (MPO), abundantly
expressed in neutrophils. Different mechanisms of degradation have been
proposed. In particular, the enzyme is able in the presence of hydrogen peroxide,
to oxidase chloride ion and form hypochlorous acid [23]. HCIO is a strong oxidant
compound, which contributes to the biodegradation of CNM together with the

reactive radical intermediates produced by the enzyme [20]. The ability to be
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degraded represents an advantage for CNM by respect to other multifunctional
biopersistent inorganic nanomaterials like gold.

In addition to the peroxidase-driven degradation of carbon nanomaterials, a few
studies also support an alternative peroxynitrite-dependent degradation pathway
mainly observed in activated macrophages [24] and chondrocytes [25]. In both
reported studies, 1,3-morpholinosydnonimine (SIN-1) was employed in acellular
evaluation of the degradation of CNM. SIN-1 is a chemical peroxynitrite donor
compound, highly instable in aqueous media, which decomposes simultaneously
producing nitrite oxide (NO) and superoxide (O2-") that react together to generate
peroxynitrite.

Although the degradation of previously mentioned CNM has been well
documented in the recent years, no data are present in the literature regarding the
degradation of hydrothermal derived-CNP by the previously described
mechanisms of degradation. Thus, herein, in the second part of this chapter the
susceptibility to degradation of our CNP was reported, which was investigated in

both cell-free systems and in the presence of freshly isolated primary neutrophils.
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2.2 Materials and methods

2.2.1 Synthesis of carbon nanoparticles

Carbon nanoparticles were obtain by hydrothermal carbonization following a
protocol previously described in chapter 1 for CNP4, without modifications,

named in this chapter as CNP.

2.2.2 Sterilization of carbon nanoparticles

Nanoparticles suspension were introduce in an autoclave and sterilized at 121°C,
for 30 min. One aliquot of CNP suspension was stored at 4°C and used as a control
for comparison with the sterilized sample in terms of hydrodynamic diameter,
zeta potential and pH. Samples were also subjected to thermogravimetric analysis,
as a technique to detect changes in internal structure, i.e. graphitization, or
modification in the surface, i.e. decarbossilation due to the high temperature
during sterilization, using the protocol described in the paragraph 1.2.3.

Sterilization was further confirmed by the absence of bacterial contamination on
the agar plate test based on a protocol developed by European Nanomedicine
Characterization Laboratory (EUNCL) [26]. Nanoparticle samples and controls
(ultrapure water in the case of negative control and E.coli MG1655, 5x10°
CFU/ml, in the case of positive control), were spreaded on the surface of agar

and the growth of bacterial colonies was monitored after 72 h of incubation.

2.2.3 FTIR analysis

Attenuated total reflection (ATR) FTIR measurements were performed on a
ThermoFisher Nicolet iS10 Instrument. Spectra were obtained from 16 scans with
aresolution of 4 cm—1 in the spectral region of 650—4000 cm—1. CNP suspension

was lyophilized overnight and aliquots were analyzed without prior preparation.
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2.2.4 Evaluation of the efficacy of CNP

2.3.4.1 Cells

Human lung adenocarcinoma cells A549, provided by Istituto Zooprofilattico
Sperimentale “Bruno Ubertini” (Brescia, Italy), were cultured in Ham’s F12 (Life
Technologies, Carlsbad, CA) supplemented with 10% v/v fetal bovine serum
(FBS, Invitrogen Life Technologies) and 1% v/v penicillin-streptomycin.

2.3.4.2 Measurement of lactate dehydrogenase leakage

An aliquot of the CNP suspension was collected from the stock (1 mg/ml) after
sonication bath for 30 minutes and transferred into a 2 ml tube; before incubation
with cells, the suspension was sonicated again with a probe sonicator (Bandelin
Sonopuls HD 3100) for 2 minutes using the pulsation mode at 40% of power.

The final suspension was then incubated with A549 cells at the desired
concentration for 24 h and 48 h and the cytotoxicity of the nanoparticles
was measured as the leakage of lactate dehydrogenase (LDH) activity into
the extracellular medium, using a Synergy HT microplate reader (Bio-Tek
Instruments, Winooski, VT), as previously described [27]. Positive control

consisted in a sample of pyrogenic silica.

2.3.4.3 Uptake and Intracellular distribution

The cellular uptake and distribution of CNPs was qualitatively evaluated by TEM
analysis. A549 cells were incubated for 24 h with 80 pug/ml of CNPs. At the end
of exposure, cells were washed, detached and re-suspended in 2% Karnovsky

solution. Samples were then treated for TEM analysis, as detailed elsewhere.[19]

2.3.4.4 Exposure of A549 to CNP and NIR irradiation

The stock suspension of CNP was sonicated as described in the previous
paragraph. Then, the aliquot was sterilized using UV for 15 minutes. For the

evaluation of the phototoxicity of CNP following NIR exposure, A549 cells have
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been plated in 24 wells plates, 5x10* cells/well in 0.5 ml of Ham’s F12; after 24h
the medium has been replaced with 0.5 ml phenol red-free RPMI, supplemented
with 10% FBS, with or without CNPs with a final concentration of 80 pg/mi.
After 24h the cells have been exposed to NIR irradiation, 945 nm, 3 W/cm?, 15
min. The temperature has been monitored using a thermal imager. Stability of
CNP was evaluated after 24h and 48h of incubation in phenol red-free RPMI,
supplemented with 10% FBS, before the experiment, using dynamic light

scattering, Zetasizer Nano, Malvern Instruments.

2.3.4.5 Crystal violet assay

After NIR irradiation, cells were continued to cultured overnight. Afterwards,
medium was discarded and the cells were washed twice with PBS and then each
well was incubated with 500ul of crystal violet-methanol solution for 20 minutes.
Finally, the plates were washed with water and they were left to dry before image
acquisition using a Leica DC100 microscope (Leica Microsystems GmbH,

Wetzlar, Germany).

2.3.4.6 Western blot

Cells were rinsed with ice-cold lysis RIPA buffer (50 mM Tris, 10 mM EDTA,
1% v/v Triton-X100; pH 7.5), supplemented with the protease inhibitor cocktail
set 11l (80 uM aprotinin, 5 mM bestatin, 1.5 mM leupeptin, 1 mM pepstatin;
Calbiochem, San Diego, CA), 2 mM phenylmethylsulfonyl fluoride and 1 mM
NazVOs. The cells were then sonicated (Bandelin Sonopuls HD 3100) and
centrifuged at 13,000 x g for 10 minat 4 °C. 10 ug protein extracts were subjected
to 4-20% gradient SDS-PAGE and probed with the following antibodies: anti-
tubuline (mouse; Santa Cruz), anti-HSP70 and anti-HSP90 (abcam, USA), The
membranes were then incubated with peroxidase-conjugated secondary antibody
(1:3000; Bio-Rad Laboratories) and washed with PBS-Tween 0.1% v/v solutions.
Protein bands were detected by enhanced chemiluminescence (Bio-Rad

Laboratories).
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2.3.4.7 Immunofluorescence analysis

Firstly, 2 x 10* A549 cells were seeded onto glass coverslips in 24-well plates
overnight. Cells were than exposed to CNP as described in the previous
paragraph: Exposure of A549 to CNP. Sample were washed thrice with PBS and
fixed using 4% wi/v paraformaldehyde (PFA) for 15 min at room temperature,
washed with PBS, incubated for 10 min with PBS-Triton X-100-0.1% v/v and
then washed thrice with PBS. Samples were stored at 4°C until incubation with
anti-gamma H2AX antibody (Abcam, diluted 1:100 in 1% FBS/PBS), overnight,
at 4°C. PBS was used to wash the samples five times; samples were then
incubated for 1h at room temperature with an AlexaFluor488-conjugated
secondary antibody (Abcam, diluted 1:100 in 1% FBS/PBS).

Cells were incubated with 4',6-diamidino-2-phenylindole dihydrochloride
(DAPI), diluted 1:10000 in PBS for 5 min, washed thrice with PBS. The cover
slips were mounted with the Mounting media and examined with a Leica DC100
fluorescence microscope (Leica Microsystems GmbH, Wetzlar, Germany). All

samples were analized in duplicates, with at least of 50 cells scored per sample.

2.3.5 Evaluation of the degradation of CNP

2.3.5.1 Degradation of CNP by NaCIO

CNP were suspended in PBS, 10 mM, pH 4.5 to obtain a final concentration of
40 pg/ml and subsequently NaClO was added to the suspension at a final
concentration of 200 puM. The sample was incubated at 37°C for 4 days. NaCIO
was added daily and samples were analyzed at day 0, 2 and 4 using UV-Vis

spectroscopy and Raman spectroscopy.

2.3.5.2 Degradation of CNP by human myeloperoxidase

The nanoparticles were incubated in fluids containing hMPO coincubated or not

with diluted H2O2 and NacCl, in order to investigate the propensity of degradation
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over time based on the ability of the enzyme not only to produce reactive
intermediates but also HCIO.

Samples with a volume of 2 ml, containing 20 pg of hMPO and 80 pg of CNP
suspended in an aqueous solution of NaCl (final concentration 140 mM) were
incubated at 37°C for 4 days. Furthermore, a 8 ul of a solution of H.O2, 20 mM,
was continuously added during incubation every hour (6 times a day). Additions
of fresh hMPO solution was also performed every 6h (twice a day). Control
samples were also prepared as following: CNP in NaCl, CNP in NaCl + H20,
CNP in H20 + H202 + hMPO. UV-Vis spectrometry and Raman spectroscopy
were used for monitoring and documenting the degradation of the samples.

2.3.5.3 Degradation of CNP by peroxynitrite

CNP (final concentration 40 pg/ml) were incubated in 10 mM phosphate buffer
(pH 7.4) with peroxynitrite (ONOO"), at 37 °C. Peroxynitrite was produced by
addition of peroxynitrite donor SIN-1 (final concentration 300 uM), as described
by Kagan et al. 2014 for SWCNTs degradation study, which decomposes and
produces both nitric oxide and superoxide. Aliquots of fresh SIN-1 were added
every 1.5 h (5 times a day), for 4 days. UV-Vis spectrometry and Raman
spectroscopy were used for monitoring and documenting the degradation of the

samples.

2.3.5.4 Raman spectroscopic analysis of acellular samples

Raman spectra of the samples were recorded at day 0, 2, 4. Two milliliter of each
sample was placed in quartz cuvettes and the suspensions were analyzed using the
following parameters: 532nm laser, 10mW power, 1,5 s of exp time, 120 scans,

cell for liquid sample, spectrograph aperture of 50 pm slit.

2.3.5.5 UV Vis spectroscopic analysis of acellular samples

UV-Vis spectra of the samples were recorded at day 0, 2, 4. Two milliliter of each
sample was placed in quartz cuvettes, 10 mm path length, and the spectra were
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registered using Evolution 60s, Thermo Scientific, wavelength range from 190-
900 nm.

2.3.5.6 Evaluation of the degradation of CNP by neutrophils

Prior to the investigation of the possible degradation of carbon nanoparticles by
professional phagocytic cells, cytotoxicity studies were performed by incubating
the CNP with neutrophils freshly isolated from human blood of different donors
in order to choose a safe nanoparticle concentration. Cytotoxicity assessment was

performed also using primary human monocyte-derived macrophages (HMDM).

2.3.5.7 PMN isolation

Neutrophils were obtained from buffy coat of healthy human blood donors
(Karolinska University Hospital, Stockholm, Sweden) using density gradient
sedimentation. Briefly, 12.5 ml of Lymphoprep (Axis Shield, Oslo, Norway) were
transferred in a 50 ml Falcon tube and 25 ml of diluted blood (1:1 in PBS 1x, pH
7.4, Gibco, at room temperature) were added slowly, without mixing. The Falcon
tube has been subjected to centrifugation (Thermo Scientific, Megafuge 16R,

Heraeus) for 30 min, 1500 rpm.
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Figure 2.1. Schematic representation of density gradient sedimentation for the

separation of blood components.(from http://textbookhaematology4medical-

scientist.blogspot.com/2014/06/buffy-coatlayer-peripheral-blood.html)

Plasma was discarded after the centrifugation and PMN were collected in Falcon
tubes. 30 ml of autoclaved 5% dextran was added to each falcon tube containing
PMN phase, mixed and after 30 minutes, the upper pinkish layer was transferred
into two new 50 ml Falcon tubes. 50 ml of pre-warmed PBS were added to each
tube and centrifuged at 1200 rpm. After the centrifugation, the supernatant was
discarded and the pellet was risuspended in 20 ml of PBS and subsequently 20 ml
of H20. 2.7 % NaCl was than transferred in the falcon in order to obtain the
hypotonic lysis of red blood cells. Centrifugation (5 min at 1200 rpm) was used
to separate the PMN from the lysed red blood cells. The supernatant was discard
and the pellet was resuspended in phenol red free RPMI 1640 medium + 2mM L-
Glu + 100 U/ml penicillin + 100 mg/ml streptomycin (serum-free).

Isolation of primary human monocytes were also performed using the density
centrifugation sedimentation as for PMN cells. The final pellet containing
mononuclear blood cells was suspended in 4 ml of MACS buffer, prepared as
following: 2.5 g BSA, 0.372 g EDTA, 500 ml of PBS, and filtered 0.22 pum. In
order to separate the CD14+ monocytes, a suspension of CD 14BEDS (MACS

90


http://textbookhaematology4medical-scientist.blogspot.com/2014/06/buffy-coatlayer-peripheral-blood.html
http://textbookhaematology4medical-scientist.blogspot.com/2014/06/buffy-coatlayer-peripheral-blood.html

Miltenyi Biotech), 200 ul, were added to the cell suspension. The mix has been
stored in the fridge for 1 h and finally it was diluted with MACS buffer and
centrifuged at 1200 for 5 min. The monocytes were isolated using a magnetic
column (LS column, MACS Miltenyi Biotec). After the centrifugation, the
supernatant was discarded and the pellet was risuspend in 2 ml of MACS buffer.
The cell suspension was transfer into the column. The total effluent is composed
by unlabeled cell fraction while CD14+ monocytes are attached to the magnetic
column. The magnetic part was removed and the cells were collected in a test
tube. The cells were washed once by centrifugation and 10 pl of M-CSF was
added for cell differentiation, in order to obtain human monocyte-derived
macrophages.

2.3.5.8 CNP stability in cell media

The stability of the nanoparticles was monitored in cell media by means of
dynamic light scattering and electrophoretic light scattering. Nanoparticles
were suspended in RPMI +/- FBS at the desired concentrations and stability
was evaluated at time 0, 3 and 6 h to mimics the conditions of the toxicity
test toward neutrophils. In the case of macrophages studies, the stability was
studied in RPMI supplemented with 10 % FBS after 24h of incubation.

2.3.5.9 Citotoxicity assessment

Cells were cultured in 96 well microplate in RPMI supplemented with 1%
penicillin-streptomycin and with or without 10% fetal bovine serum, then
incubated in the same fresh cell culture medium for the required time (3h
and 6h for neutrophils and 24 h for macrophages), in the absence or
presence of CNPs. In all the experiments, 50.000 cells were placed in each
well.

Alamar blue assay (Invitrogen) was used to investigate cells viability after
incubation with CNP. The assay is based in the reduction of the cell-permeable

compound resazurin (blue and non-fluorescent reagent) to resorufin (red and
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highly fluorescent) in living cell and this reaction is quantitatively related to
viability. Alamar reagent was added to each well obtaining a final concentration
of 10% v/v and the samples were incubated in a humidified 5%CO. incubator, for
3 hat 37°C. Fluorescence of the samples was recorded using 560 nm and 590 nm
as excitation and emission wavelength, respectively, using a Tecan Infinite F200

plate reader.

2.3.5.10 Biodegradation of CNP by PMN

Degradation of CNP in the presence of neutrophils was assessed based on
previous studies reporting the degradation of carbon-based nanomaterials [22]
and preformed at Karolinska Instutute by Sandeep Keshavan. Briefly, freshly
isolated polymorphonuclear neutrophils were incubated were incubated with CNP
at a final concentration of 20 pg/ml in the presence of N-formylmethionine-
leucyl-phenylalanine fMLP (10 nM) and cytochalasin B (5 pg/ml), to induce
degranulation for 6 h, in the presence or absence of myeloperoxidase inhibitor-1
(MPO-1). The samples were then collected and stored at -80°C until subjected to

Raman spectroscopic analysis.

2.3.5.11 Raman spectroscopic analysis of cellular samples

Samples from time zero and after 6h of incubation were analyzed at INRIM -
Istituto Nazionale di Ricerca Metrologica, Turin, Italy, by Dr. Andrea
Giovannozzi. 5 pl of each sample suspension were drop-casted into quartz
supports. Raman measurements were carried out using the Thermo Scientific
DXR Raman confocal microscope system equipped with an excitation laser
source of 532 nm. A low laser power of 2 mW was employed in order to avoid
possible damage of the samples, a 20x long working distance microscope
objective, a 50 pum pinhole aperture. Each spectrum of the map was registered

with 1 s integration time and 70 scans.
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2.3 Results and discussion

2.3.1 Synthesis, sterilization and characterization of CNP

CNP were synthesized starting from glucose, by hydrothermal carbonization
route, using the protocol described in details in chapter 1. Hydrodynamic diameter
and zeta potential of the obtained batch was determined in order to confirm that
they were in accordance with previously obtained nanoparticles. Bacterial
contamination can interfere with the outcome of in vitro preclinical tests. For this
reason, CNP were sterilizes by steam autoclaving. Sterilized CNP were compared
to pristine CNP in order to reveal possible modification of their properties. In
both cases, CNP resulted negatively charged, monodispersed with dn distribution
in nanosize range, as shown in figure 2.2 (a and b). No significant alterations of

these characteristics were detected.
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Figure 2.2. Effect of sterilization on CNP properties. A) zeta potential and pH
data, B) intensity-based size distribution, c) thermogravimetric analysis: % of

weight loss recorded under N,,.
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Results from the thermogravimetric analysis of the samples are displayed in figure
2.2c. The thermograms are perfectly superimposable showing that the CNPs
subjected to sterilization have not undergone changes to their internal structure.
Agar plate test, used for the investigation of the bacterial contamination in the
sterilized sample, confirm that steam autoclaving allowed obtaining of samples

without bacterial contamination after 72 h of incubation, as shown in figure 2.3.

In summary, the sterilization of CNP using the cheap steam autoclaving method
is a suitable procedure that ensure stability of the physicochemical characteristics

of the particles.

B

Figure 2.3. Detection of Bacterial Contamination by Agar Plate Test. Control
samples consisted of: ctrl — (autoclaved water), ctrl + (E. Coli MG1655), non
sterilized CNP. All the samples were incubated for 72 h, at 37°C.

FTIR analysis were performed as an additional tool for the characterization of the
surface of CNP. FTIR spectrum showed in figure 2.4. Data evidenced a strong
and large band at 3500-3250 cm™ corresponding to O-H hydroxyl or carboxyl
stretching vibration [28] and a strong band at 1700 cm™ which is related to the

stretching vibration of C=0 carbonyl or carboxyl group [29]. Results are in
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accordance with the previously reported data (paragraph 1.3.2) of the presence of

abundant carboxylic groups at the surface of CNP.
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Figure 2.4. ATR-FTIR spectrum of CNP

2.3.2 Cytotoxicity in dark conditions toward lung epithelial cell
(A549) and uptake

CNP were firstly tested for their toxicity in absence of NIR activation, by
evaluating the cell membrane integrity of A549 after incubation with CNP,
measured as leakage of intracellular LDH into the extracellular medium. A549
cells were incubated for 24 h with NPs at a concentration range of 10-320 pg/ml.
A sample of pyrogenic silica was used as positive control. Results evidenced that
CNP do not elicit any cytotoxic effect on tumor epithelial cells in dark condition
in a wide range of concentrations, as shown in figure 2.5.

TEM analysis was performed on A549 cells incubated in the absence or presence
of CNP. Two different concentrations were tested, 80 and 160 pg/ml. Cells were
exposed to CNP for 24h in absence of NIR irradiation and images are shown in

figure 2.6
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Unexposed cells (negative control) showed normal morphology of A549 cells,
without specific ultrastructure alterations. Nuclei are well defined and the
organelles visible. Cells exposed to CNP show groups of single particles inside
endo/phagocytosis organelles (endosomes), high in number in the case of the
highest concentration of CNP. No cellular alternation are present in the case of
A549 exposed to 80 or 160 pg/ml of CNP.

Based on these results, a concentration of 80 pug/ml of CNP has been chosen for

the assessment of the NIR-activated PD/PT activity.
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Figure 2.5. Cytotoxicity of CNP toward A549 without NIR irradiation. LDH
assay results following exposure to CNP for 24h. Negative control corresponds to
A549 no exposed to CNP and positive control refers to a pyrogenic silica

nanoparticles. ** p<0,01 vs control.
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point to internalized CNP; (N) nucleus. Ctrl (unexposed cells); A ( 80 pg/ml); B
(160 pg/ml).

2.3.3 Effect of NIR-activated CNP on cell viability of A549 cells

We previously demonstrated that CNPs are able to produce singlet oxygen and
warm up when irradiated with NIR in vitro [19]. Here we investigated whether
these properties can be exploited to kill tumor cells.

CNP were activated using a laser diode emitting at a wavelength of 945 nm and
at a power density of 3W/cm?, in continuous way. These experiments were
conducted on A549 cells at doses in which non-activated CNPs had no toxic
effects (80 pg/ml). The effect of CNP was compared with that of the NIR radiation
only, to exclude a direct toxic effect of the irradiation.

Viability was monitored by assessing the morphology of cells after crystal violet
staining using optical microscopy. Moreover, during the irradiation, the
temperature in each well was recorded using a thermal camera.

The exposure at the laser beam with a potency of 3W/cm? did not decrease the
viability of cells in the absence of CNP for up to 15 minutes of irradiation. We
therefore choose this parameters to test the phototoxicity of CNP toward A549
following irradiation.

The effect of CNPs at the dose of 80ug/ml activated by 3W/cm? laser beam on
A549 morphology is shown in figure 2.7. In the presence CNPs, a drastic cell
death was observed, as inferred by obvious changes in cell morphology: most of
the cells lost their normal spindle-shape and appeared rounded and smaller.
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3W/em?, 15 min

Figure 2.7. Effect of NIR-activated CNP on A549 cells morphology. Cells were
not irradiated a) or irradiated with a NIR laser, irradiance 3W/cm?, for 15 min c).
Cells were exposed to CNP in absence b) or following NIR laser irradiation,

irradiance 3W/cm?, for 15min d).

A slight but significant increase of temperature was detected in NIR-irradiated
cells in the presence of CNPs by respect of the laser beam only (Figure 2.8). In
absence of CNP, a slight increase of temperature was observed, without effecting

cellular morphology.
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Figure 2.8. Temperature after NIR irradiation for 15 min, at 3W/cm? irradiance.
Ab549 cells were irradiated in the absence (ctrl) or in the presence (CNPs) of
80ug/ml CNPs. **p<0.01
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Figure 2.9 Effect of NIR-activated CNP on A549 cells morphology. Cells were
irradiated with a NIR laser, irradiance 3W/cm?, for 20 min a) or exposed to CNP
and irradiated with a NIR laser, irradiance 3W/cm?, for 10 b) or 20 min c).
Temperature of the samples following irradiation. **p<0.01 vs. A549 + NIR 20

min.

Finally, we tried different exposure times in order to investigate the effect on cells,
keeping constant the other parameters of CNP concentration and light source
irradiance. As shown in figure 2.9b, no change in morphology of the cells were
observed after 10 min of irradiation. Moreover, a substantial cell death was
detected after 20 min, higher compared with what shown in figure 2.7d for cells
exposed to NIR-activated CNP for 15 min. Cell death could be related to increase

in temperature, but also generation of singlet oxygen, since we reported the ability
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of CNP to induce both effects following NIR irradiation (paragraph 1.3.3).
However, by monitoring the temperature after 10 min and after 20 min of NIR
irradiation, no significant differences were found in cells exposed to CNP,
suggesting that cell death probably occurs due to singlet oxygen production when
cells are exposed to a CNP concentration equal to 80 pg/ml.

To further confirm that the cytotoxic effect observed was due to the PD/PT
activity of carbon nanoparticles the expression of heat shock proteins and the
occurrence of DNA damage monitored by activation of y-H2AX histone were

determined.

2.3.4 Heat shock proteins expression

Heat shock proteins (HSP) overproduction is a typical cell-survival mechanisms
involved in response to PTT [30] and PDT [31], [32]. HSP could confer to cancer
cells resistance toward physical stresses. Moreover, high HSP expression
(HSP70, HSP27) not only help treated cells to handle heat and ROS damage such
as unfolded or irreversibly oxidized proteins, but also promote cancer by
preventing program cell death. On the other hand, when released by tumor cells
or bounded at the cell membrane, HSP, especially HSP70, are able to promote
anti-tumor immunity. [33]

Western blot analysis was performed to evaluate the expression of heat shock
proteins in cells exposed to CNP 80 pg/ml, in absence or following NIR
irradiation, for 15 min, at 3 w/cm? (figure 2.10). In panel B the amount of HSP70
and HSP90, normalized for all samples by using tubulin, are reported. The
increase of both HSP70 and HSP90 expression were observed, albeit the values
were significant only for HSP70 in cell treated with NIR-activated CNP. This
trend well correlates with the observed cell morphology alterations and

temperature increase following NIR/CNP co-exposure.
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Figure 2.10. A) Western blot analysis of the heat shock proteins in A549 cells
after treatment with or without CNP, following or not NIR irradiation. B) Bar
graph showing quantification of HSP70 and HSP90 in all samples expressed as
% vs. ctrl. Tubulin was used as a loading control.

** n<0.01 vs. ctrl; °° p<0.01 vs. CNP; p<0.01 vs. ctrl + NIR.

2.3.5 Activation of y-H2AX histone as sensitive indicator of DNA
damage

The formation of DNA damage marker, y-H2AX, was detected after exposure of
A549 cells to CNP following NIR irradiation in order to assess the in vitro
therapeutic efficacy of CNP as phototoxic agents toward tumor cell. y-H2AX
histone activation occurs by phosphorylation on SER-139 residue, and it is a
sensitive marker of DNA lesions, known to mark sites of double stand breaks.[34]
Images of the samples are shown in figure 2.11, were cell nuclei are marked in
blue and y-H2AX foci corresponds to green spots.

Results evidence that in absence of laser irradiation, untreated cells or cells
exposed to CNP exhibit no DNA damage confirming the lack of toxicity of CNP
in dark conditions. In contrast, gamma-H2AX foci were observed in the NIR-
treated group. However, the phosphorylation level when cells were exposed to
both CNP and NIR is dramatically higher and all cells are affected, in comparison

with the irradiated cells non exposed to CNP, where number of foci is drastically
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lower and not all cells are involved in y-H2AX activation. The results suggest that
NIR-induced phototoxicity of CNP enhance the DNA damage, which could be
correlated with ROS-induced stress.

If DNA is completely repaired, y-H2AX foci are disassembled and H2AX is
dephosphorylated.[35] Otherwise, 24h-post treatment unresolved y-H2AX foci
in tumor cells, as in this experiment, is linked with lethal DNA damage and cell
death [36].

Figure 2.11. Representative microscopy images from y-H2AX

immunofluorescent staining performed 24h post-treatment. Images corrispondes
to: A549 cells non irradiated a), A549 irradiated with NIR laser b), A549 cells
exposed to CNP non irradiated c) and A549 cells exposed to CNP irradiated with
NIR laser d). y-H2AX staining is green, while nuclei are stained with DAPI blue.

Overall, the results demonstrate the ability of CNP to induce cell death only when
activated by NIR light, making them suitable for cancer therapy. The mechanism
of action appears related the PT activity, confirming what previously reported
[37]. However, the pronounced cytotoxic effect observed in the absence of a
significant increase of temperature (figure 2.9¢) suggest that CNP act also by
generating singlet oxygen, making them promising agents for dual PT/ PD

therapy. One of the major limitations of PD therapy is due to the low generation
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of singlet oxygen due to severe hypoxia related to oxygen consumption in the
tumor mass [38]. The coexistence of a PT effect might have a synergic effect thus
increasing the efficacy of the material.

2.3.6 Cell-free degradation of CNP by endogenous oxidants

Several oxidants like hydrogen peroxide,[39], hydroxyl radicals [40],
peroxynitrite [24] and hypochlorous ions [41] were found able to oxidize and
degrade CNMs at different extent. The present study aimed at getting insight into
the biodegradability of a new class of CNMs, saccharide-derived carbon
nanoparticles (CNP). In fact, no information on their biodegradability are

available so far.

Firstly, we performed preliminary experiments incubating the CNP with hydrogen
peroxide, commonly found in lysosomes, at physiological concentrations, and
find that CNP showed resistence to degradation. Furthermore, the susceptibility
toward two additional endogenous oxidants (NaClO and peroxynitrite) and of
hMPO was investigated and reported in this chapter. To monitor the degradation
UV-Vis spectroscopy was firstly employed. In figure 2.12 are shown the UV—Vis
spectra and the aspect of the suspension for all tested conditions: degradation in
NaClO, degradation due to hMPO and degradation due to SIN-1. A dramatic
decrease of UV-vis adsorption was observed for CNP treated with NaClO
confirming the degradation of the nanomaterial. A similar effect was also
observed for hMPO and SIN-1 degradation tests, although the slight decrease in
absorbance of the CNP in SIN-1 test suggest a minor degradation of CNP
occurred, also in accordance this the changes of the colours of the different
suspensions. In the case of hMPO test, the presence of the NaCl and H.O>
simultaneously was essential for the degradation of CNP, suggesting that the
degradation could be a result of the hypochlorous acid catalyzed by the enzyme.
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Figure 2.12. Degradation of CNP in presence of diluted NaClO (200 uM), hMPO
or SIN-1.
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Raman spectroscopy was used to confirm the CNP degradation. Spectra were
registered at day 1, 3 and 5 and displayed in figure 2.13. An evident decrease in
the intensity the two characteristics bands D and G was observed following
incubation, which could be related to a partial degradation of the sample, in
accordance with previously UV-Vis data. As for the latter, the NaCIO system

resulted to be the most efficacious.
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Figure 2.13. Raman spectra of the samples: a) NaClO, b) hMPO, c) SIN-1
incubated with CNP at day 1, 3 and 5. An aqueous CNP suspension was used as

control (ctrl).
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2.3.6 In vitro cellular degradation study

Cell-free degradation tests suggest that CNP could be possibly degraded in vitro
by myeloperoxidase, the oxidative enzyme mainly secreted by neutrophils. In the
following paragraphs, the cellular in vitro studies were summarized; preliminary
studies of the behavior of CNP in cellular culture media and cytotoxicity toward
blood were performed in order to choose safe conditions for the investigation of
the degradation.

2.3.6.1 Stability of CNP in cell culture media

Evaluation of the stability in cell medium of CNP by dynamic light scattering
(DLS) and electrophoretic light scattering (ELS) was performed in order to study
if nanoparticles aggregate after incubation in cell medium RPMI supplemented or
not with FBS. Different incubation time were applied Oh, 3h, 6h in accordance
with the incubation time during cytotoxic studies toward neutrophils, and 24h for
macrophages. Two CNP concentrations were tested: 10 and 80 pg/ml. DLS data
(Figure 2.14) demonstrate that nanoparticles exhibit good stability over time as
the mean hydrodynamic diameter do not change significantly up to 24 h.

In addition, zeta potential was also studied as an indirect measure of surface
charge. The results evidenced a decrease in zeta potential in media supplemented
with FBS suggesting that proteins presents in FBS may be absorbed at the surface
of the CNP, which could lead to the formation of a protein corona.
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Figure 2.14. Evaluation of the stability in cell culture medium of CNP by
dynamic light scattering A) and electrophoretic light scattering B). Incubation
times corresponds to PMN (0, 3 and 6 h) and HMDM (24 h) cytotoxicity tests
setup.

2.3.6.2 Citotoxicity toward PMN

CNP were firstly tested for their cytotoxicity toward human neutrophils derived
from two different healthy donors. Cytotoxicity was monitored by the Alamar
blue assay up to the concentration of 160 pug/ml. The material was dispersed in
the media with or without FBS. The toxicity was investigated for two incubation
time points: 3h and 6 h. CNP exhibit good toxicity profile for concentrations up
to 40 pg/ml. Cell viability decreases for higher concentrations and is more
pronounced in the case of cells cultured in medium without FBS, suggesting a
protective effect of the protein corona.

Cytotoxicity studies involved also human-derived macrophages. In this case, CNP
exhibit excellent biocompatibility for all the doses up to 160 pg/ml, following

exposure for 24h. Results are summarized in figure 2.15.
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Figure 2.15. Cytotoxicity study of CNP toward primary human blood cells.

2.3.6.3 Biodegradation of CNP by PMN

Experiments regarding the degradation of CNP by neutrophils were based on what
previously described for graphene oxide [22]. It is important to note that there are
no studies to dato to report the of CNP by PMN. Cells cultured in RPMI with FBS
and incubated with CNP at a safe concentration of 20 pug/ml for up to 6 h, in the
presence of neutrophils activators, coincubated or not with MPO-1. Samples were
analyzed using Raman spectroscopy. Raman spectra are collected and summarize
in figure 2.16. Preliminary results shown in figure 2.16A evidence the decrease
in the intensity of both G and D bands after 6 h of incubation in the absence of
MPO-1, while no reduction of the intensity was observed in the samples where
MPO-1 was present. These findings suggest that CNP could be degradated by
PMN and the degradation is MPO-dependent, thus confirming the data obtained
by cell-free experiements and in accordance with previous finding on
degradability of graphene oxide [22]. However, additional test are on going

involving the incubation of CNP with PMN for more extended time, up to 5 days.
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Figure 2.16. Neutrophil degradation of CNP activated by CB and fMLP, in the
presence A) or absence B) of MPO-1.
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2.4 Conclusions

To summarize, this study explores the efficacy against tumor cells and
biodegradability of CNP. Clear NIR-induced photo-toxicity toward lung
tumor cells was observed, likely related to both PT and PD activity. These
results make CNP promising candidates for the design of nanoplatforms
having a dual therapeutic modality, i.e. PT and PD activity. In addition,
when non activated by NIR light CNP exhibit an excellent safety profile
toward the lung epithelial cell line A549, and blood cells, i.e. primary
neutrophils and monocyte-derived human macrophages. Finally, CNP
appear susceptible to biodegradation by the immune-component enzyme
hMPO, that was confirmed in ex vivo e, which might avoid
bioaccumulation following parenteral administration.

These promising results represent a first step toward the possible clinical
translation of these saccharose-derived nanoparticles. In vivo studies are

needed in order to confirm the present findings.
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Chapter 3

Identification of the physical-chemical
properties modulating nanoparticles
aggregation potential in blood

This Chapter is part of the submitted article:

L. Soddu, D. N. Trinh, E. Dunne, D. Kenny, G. Bernardini, |. Kokalari, A.
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3.1 Introduction

Nanomedicine is probably one of the most exciting field of research in the branch
of nanotechnology as it has the potential to offer practical and effective solutions
on several diseases where traditional drugs currently fail. However, a tremendous
gap exists between the number of formulations proposed and those approved for
clinics [1]. Among the several factors that hampers the translation process, the
most critical ones are the batch-to-batch variability and the poor knowledge of the
properties modulating nanomaterial efficacy and safety [2].

Safe-by-design (SbD) approach has a great potential in accelerating the entrance
of medicines into market [3], reducing pre-clinical research and costs. However,
a deep knowledge of the processes leading to the adverse effects and of the
physico-chemical properties governing such processes are mandatory to build
structure-activity relationships (SARs) that in turn enable the SbD approaches. To
the latter aspect, knowledge may only be derived by collecting a substantial
amount of data from libraries of nanomaterials with definite synthetic properties.
Therefore, understanding the processes that occur in the bloodstream are
particularly relevant, not only for nanoformulations administered by intravenous
injection, but also for any material introduced into the body.

Nanoparticles have been found to be able of promoting both haemorrhage or
thrombosis [4,5], by interfering with the coagulation system through different
pathways. Depletion of soluble coagulation factors (e.g fibrinogen, XII factor)
may occur following adsorption of the factors at the surface of the nanoparticles.
On the other hand, activation of some factors by surface-driven exposure of
cryptic domains following adsorption was reported in some studies. Other studies
reported the ability of nanoparticles to damage or activate platelets, endothelial
cells or monocytes [5].

Physico-chemical properties were found to be critical in determining the ability
of the materials to induce adverse effects. Several studies focused on the effect of
surface charge and particle size. Albeit such properties were shown to clearly
affect the pro-anticoagulant activity of nanoparticles, the direction of the effect

varies, depending on the kind of material. For example, positive charged dendritic
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nanoparticles were found to be more thrombogenic than negatively charged while
for polystyrene nanoparticles both positive and negative charged surfaces were
found to induce platelet activation [6,7]. These differences are likely due to the
coexistence of different molecular processes, but also to the combined effect of
different physico-chemical properties.

Due to their promising properties, carbon and silica nanoparticles are among the
most studied inorganic materials for medical applications. Their ability to induce
thrombus formation, along with their mechanisms of action, is still under debate.
Both single-walled carbon nanotubes (SWCNTs) and multiwalled carbon
nanotubes (MWCNTSs) were found to induce platelet activation [8,9] by
perturbing Ca2+ homeostasis, an effect that was hypothesized to be caused by the
interaction of CNT with plasma and dense tubular system membranes likely
related to the fibrous shape [10]. On the other hand, contrasting data have been
reported on the potential of isometric carbon nanoparticles like carbon black,
fullerenes and diesel exhaust to induce platelet activation and aggregation
[8,9,11]. Systemic administration of carbon black in mice resulted in fibrinogen
and platelet deposition in post capillary venules in the liver and heart [12,13],
suggesting a role of this protein in nanoparticle mediated platelet aggregation.
Silica nanoparticles of different sizes were found to activate glycoprotein Ilb/Illa
and to induce the expression of P-selectin [14] in platelets. On the other hand,
silica nanoparticles are known to induce oxidative stress in several cell lines
including endothelial cells [15] and leucocytes [16,17], a process that in vivo may
indirectly induce platelet aggregation.

The interference with the coagulation system is not the only possible mechanism
that may induce vascular occlusion. Nanoparticles have a strong tendency to
agglomerate in water. The degree and kinetics of agglomeration are controlled by
size, shape and surface chemistry of the particles. Strong repulsive electrostatic
charges and steric hindrance may stabilize the nanoparticles and prevent
agglomeration. In the bloodstream, agglomeration is related to the formation of a

biocorona that modifies the electrostatic and steric repulsion among particles [18].
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Finally, protein—protein interaction may lead to bridging among particles thus
promoting agglomeration [19].

In the present study, a sample set of six silica and carbon nanoparticles with
definite size and morphology was used to explore the effect of size and surface
properties on the protein corona composition, agglomeration in plasma, platelet

aggregation, activation and VWF-mediated adhesion.
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3.2 Materials and methods

3.2.1 Synthesis of carbon nanoparticles.

Carbon nanoparticles (CNP) were produced starting from glucose using a one-
step hydrothermal process as described in Kokalari et al. 2019 [20]. Briefly,
glucose was dissolved in 50 ml of ultrapure

water followed by the addition of 15 mg of sodium polyacrilate. The solution was
introduced in a pressure reactor system (Biichi AG) and heated at 190°C for 3 or
8 h. Synthesis parameters are described in details in table 3.1. CNP were then
purified using ultrapure water by filtration for large carbon nanoparticles (CNP-
L) or tangential flow ultrafiltration (Vivaflow 50R, MW 30 kDa) for the

medium and small carbon nanoparticles (CNP-M and CNP-S).

Table 3.1. Synthesis parameters used for CNP

Glucose (g) Surfactant Time Temperature,

(mg) (h) (°C)
CNP-S 2 15 3 190
CNP-M 2 15 8 190
CNP-L 5 15 8 190

3.2.2 Synthesis of silica nanoparticles.

The silica nanoparticles (SNP) were prepared by hydrolysis and condensation of
TEOS in the presence of ammonia as a catalyst, based on the Stober process [21].
Briefly, a defined amount of TEOS was added dropwise, under magnetic stirring,
at room temperature, to a solution of ethanol, ammonia (33%) and ultrapure water.

The detailed protocols are summarized in table 3.2.

124



The suspensions were subjected to repeated centrifugation steps at 11.000 rpm,
for 15 min, in ultrapure water and ethanol in order to isolate and wash the
nanoparticles. The purified nanoparticles were suspended in ultrapure water and
stored at 4°C.

Table 3.2. Synthesis parameters for silica nanoparticles
TEOS Ethano NHs H20 Time

(ml) | (m)  (ml) (min)
(mi)

SNP-S 0.756 20 0852 0831 40

SNP-M 0.756 20 1704  1.067 40

SNP-L 0.330 44 18 i 30

3.2.3 Scanning Electron Microscopy (SEM).

Nanoparticle morphology was characterized using scanning electron microscopy,
SEM Zeiss Evo 50XVP (Assing). Carbon and silica nanoparticles suspensions
were diluted up to 0.05 mg/ml in ultrapure water. A volume of 20 pl of the diluted
suspensions was mounted on aluminium stubs, using double-sided adhesive
carbon tape and silicon wafers. Samples were dried overnight at room
temperature. In the case of silica nanoparticles, the samples were sputter-coated
with thick gold film (~ 17 nm) under argon atmosphere to improve secondary
electron emission during SEM imaging. Nanoparticle morphology was observed

at an acceleration voltage of 20 kV.

3.2.4 Dynamic Light scattering (DLS).

The mean diameter and polydispersity index (PDI) of nanoparticles were obtained

using a Zetasizer (Nano ZS Malvern Instruments, UK) based on the dynamic light
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scattering (DLS) technique. Measurements were performed on purified
nanoparticles by analysing 0.5 ml of suspension in ultrapure water, placed in a
square polystyrene cuvette, at 25 °C. PBS 0.01 M, pH 7.4, Sigma Aldrich, was
used as a diluent in the case of the evaluation of the size after the protein corona

formation.

3.2.5 Nanoparticle Tracking Analysis (NTA)

Analysis of the size distribution and concentration of CNP and SNP were
performed by NTA using a Nanosight NS300 (Malvern, UK) equipped with a
blue laser (488 nm) and a quartz chamber for sample injection, equipped with an
O-ring top plate. For nanoparticles-hard protein corona complexes, the samples
were diluted in PBS, 0.01 M, pH 7.4. Dilution factor was chosen in order to obtain
30 particles per frame, as suggested by the manufacturer’s recommendations. The

measurement duration was set at 60s.

3.2.6 {-potential

Zeta-potential measurements were performed based on the Electrophoretic Light
Scattering (ELS) technique, using Zetasizer (Nano ZS Malvern Instruments, UK)
as a function of the pH in the range from 2-9. The nanoparticles suspensions were
diluted in ultrapure water at a final concentration of 0.5 mg/ml. The pH of the
suspensions was adjusted by adding diluted NaOH or HCI solutions and the
samples were introduced in a disposable folded capillary cuvettes (Malvern
Panalytical).

3.2.7 Protein corona characterization

3.7.1 Procurement and preparation of plasma.

The human plasma was obtained from healthy donors kindly provided by the Irish
Blood Transfusion Service (IBTS), St. James Hospital, Dublin. The plasma from

eight different donors was mixed, aliquoted and stored -80°C until use. Before
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using, the plasma was thawed and centrifuged at 16.000 rpm, 3 min, in order to

discard any precipitated protein.

3.7.2 Methods

Carbon and silica nanoparticles were incubated with different concentrations of
human plasma diluted in PBS 0.01M, pH 7.4 (Sigma Aldrich) at 37°C under
agitation (150 rpm). The number of nanoparticles in all samples was optimized in
order to ensure a total surface area of 1.0 x 102 m2. After the incubation, in order
to obtain nanoparticles-hard protein corona complexes, the samples were washed
three times by centrifugation as previously described [22]. After the last washing
step, the pelleted samples were suspended in PBS, 0.01 M, pH 7.4, and the
denaturizing solution, prepared with dithiothreitol and 3x blue loading buffer that
contained DTT in a ra