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Abstract

Oxidative stress is a well-known condition underlying several pathological con-
ditions, such as heart failure and neurodegenerative diseases, but also skeletal
muscle atrophy that occurs after prolonged periods of muscle disuse, such as bed
immobilization and space travel. The commonly used strategy for oxidative stress
treatment/prevention is the administration of antioxidant agents. Among the latter,
cerium oxide nanoparticles, also called nanoceria, show self-regenerative antioxidant
action mimicking that one of the main human antioxidant enzymes (i.e., superoxide
dismutase and catalase), and are excellent candidates for a persistent alleviation
of oxidative stress. Nanoceria would ensure overcoming of limitations related to
the usage of low molecular weight antioxidant agents, normally requiring repeated
administrations.
Purpose of this Master’s Degree Thesis in Biomedical Engineering is to investigate
the interaction between nanoceria and skeletal muscle cells in mechanical unloading
conditions, i.e. under simulated microgravity (s ≠ µg), for a possible application of
this kind of nanomaterials against muscle waste induced by spaceflight.
The experimental work of this Thesis started with nanomaterial synthesis by
wet chemistry approach. In-depth characterization of the nanoparticles was then
performed to assess their chemical composition, size, stability, and antioxidant
capabilities. To the purpose, transmission electron microscopy, X-ray photoelectron
spectroscopy, dynamic light scattering, and photometry were used. Biocompatibil-
ity investigations were conducted with two different cell models for skeletal muscle
tissue, namely C2C12 mouse myoblasts and primary human skeletal myoblasts.
Afterwards, identification of the rotational conditions for microgravity simulation
and for induction of mild oxidative stress in the skeletal muscle cultures was pur-
sued with a random positioning machine. Interaction of nanomaterials and cell
cultures was studied under different regimes of rotation (constant and random
speed modes): it was documented by phase contrast optical microscopy and by
confocal microscopy upon application of cytochemistry techniques. Quantitative
analyses concerning cell-nanomaterial interaction under simulated microgravity
were conducted by flow cytometry and inductively-coupled plasma-optical emission
spectroscopy.
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Cell viability was assessed upon administration of increasing concentrations of
antioxidant nanoparticles in both static and dynamic conditions, denoting high
biocompatibility of the chosen nanoparticles. Simulated microgravity was moreover
found to be a pro-proliferative stimulus for mouse muscle cells, with potential
applications in tissue engineering and regenerative medicine. On the other hand,
simulated microgravity induced a mild oxidative stress on differentiating human
cell cultures that deserves further investigations.
The study of the interaction of nanoceria and muscle cells under microgravity condi-
tions showed that, under the conditions tested only a small fraction of nanoceria is
internalized, suggesting a low antioxidant effect of nanoceria under these conditions.
The poor interaction could be due to the continuous mixing of fluids induced by
the movement of the random positioning machine.
Based on these results, this Thesis work leaves open several issues such as the
promotion of the nanomaterial-cell interaction in simulated microgravity, the evalu-
ation of the antioxidant effect of nanoceria and the validation of the results achieved
during myoblast proliferation and differentiation for the stimuli that the random
positioning machine appears likely to impose.
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Chapter 1

Introduction

Movement and maintenance of posture are the two key distinguishing characteristics
of all vertebrates, and skeletal muscles, along with bones, are responsible for this.
Skeletal muscle is an excitable tissue that responds through a contraction to volun-
tary stimuli sent by the central nervous system. It is a highly mechanosensitive
tissue, and for this reason, the quantity and intensity of the stimuli received play
an essential role in determining the mass and performances of muscles. [1].
Gravity is the constant mechanical stimulus to which all living things on Earth
are subjected. Considering that the muscular structure has developed by adapting
to the constant load imposed by the force of gravity, it is clear that any small
variation in this force will cause alterations within the tissue [1] [2].
Situations in which muscles suffer from the lack of gravity load are, for example,
bed rest, leg immobilization, denervation but also space travel [1]. Muscle disuse is
the common feature of all these cases and is also the cause of the decrease in motor
neuron activity, the reduction in the rate of protein synthesis and the increase in
catabolic processes. These processes result in a condition called muscle atrophy
characterized by loss of muscle mass and strength [3].
Recent studies [3] [4] [5] have correlated muscle atrophy, which occurs following
muscle discharge, with the condition of oxidative stress (OS).
The oxidative stress condition occurs when the production of reactive oxygen species
(ROS) exceeds the body’s antioxidant defense capabilities. When the antioxidant
defenses are no longer able to keep the concentration of ROS below, there is a need
to intervene with external antioxidant therapies [6].

This Master’s Thesis project will analyze the reactions of skeletal muscle tissue
after exposure to weightlessness, henceforth called microgravity or simulated micro-
gravity when reproduced with a special instrument. The focus of this thesis project
will be mainly to evaluate the interaction between nanomaterials with antioxidant
properties and muscle cells exposed to simulated microgravity.
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Introduction

This first introductory chapter is composed of four main sections aimed at intro-
ducing the problem underlying this thesis project.
The first section provides a brief overview of muscle tissue focusing on the physiol-
ogy of the skeletal muscle cells, the stages of the differentiation process leading to
the formation of the mature muscle cell and the analysis of pathologies affecting
skeletal muscle tissue.
Particular attention will be given in the second section to the conditions in which
the presence of free radicals plays a key role in the evolution of the disease. The
second section deals with the condition of oxidative stress that occurs in skeletal
muscles, highlighting its sources, possible causes and consequences.
The common strategy to overcome the problems due to oxidative stress is the
administration of antioxidant agents. However, traditional antioxidants show sev-
eral problems. The analysis of these problems, leading to the consideration of a
nanotechnology approach as an alternative solution to combat oxidative stress, is
discussed in the concluding part of the chapter.
Focusing on the tissue of interest, this second section concludes by describing
and listing the processes that, compromised by the condition of oxidative stress,
contribute to the generation and worsening of the atrophic condition.
In the third section the problem of the absence of gravity is examined. Are
then described the main tools used in the laboratory to simulate the condition of
weightlessness and then the changes observed at the cellular level after exposure to
microgravity.
In the last section of this introductory chapter are described the characteristics and
applications in the field of nanomedicine of cerium oxide nanoparticles, chosen as a
nanotechnological approach to counteract and prevent the condition of oxidative
stress given the problems of traditional antioxidant agents.

1.1 Skeletal muscle Tissue
1.1.1 Skeletal muscle physiology
This first section aims to describe the physiology of muscle cells by examining
the elements that make up the muscle fiber. Muscles of the human body can be
classified into two morphologically distinct groups: smooth muscles, which are not
under conscious control (involuntary muscles), and striated muscles.
Striated muscles are in turn divisible into two groups, cardiac and skeletal muscles.
These last are also called voluntary muscles because, through a contraction, they
respond to voluntary stimuli received from a nerve impulse [7].
The structure of skeletal muscle consists of numerous muscle fibers grouped into
fascicles. This particular bundling of fibers gives the muscle its classic striated
appearance [7].
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Introduction

The muscle fibers are covered by a cell membrane, called the sarcolemma, which en-
closes the inner cellular components and the cytoplasm, also called the sarcoplasm.
The sarcolemma also enters the myofiber, generating a system of transverse tubes
(T-tube system) that represent the main point for ion exchange.
Within the sarcoplasm, there is a second network of longitudinally developed tubules
whose role is to regulate the concentration of calcium ions within the myofiber.
This second tubular network is called the sarcoplasmic reticulum (SR) [8]. Each
myofiber is surrounded by a basal lamina called the endomysium. Perimysium, on
the other hand, is the name of the membrane that surrounds the bundles of muscle
fibers. These two membranes are crossed by blood vessels that feed the fiber and
by nerves directed towards the inside of the fiber [9] [8].
Each muscle fiber is composed of many contractile and supporting proteins called
myofibrils. These are actin, myosin, tropomyosin, and troponin and are responsible
for muscle contraction. In particular, the binding between actin and myosin is the
key event in muscle contraction.
The physical organization of actin and myosin within the fiber defines the structure
of the sarcomere which is the functional unit of the muscle fiber.
Sarcomeres are arranged longitudinally along the muscle fiber, and the boundary
between two consecutive sarcomeres is defined by two lines composed of Z proteins,
called Z-lines, which maintain the architecture of the sarcomeres [7].
Traversing the sarcomere from these two extremes, several thin myofilaments com-
posed of two actin filaments arranged to form a spiral structure are encountered.
Towards the more central portion of the sarcomere, these thin filaments are paired
with thicker filaments, myosin. The myosin tails bind directly to the most central
portion of the sarcomere, called the H-line and formed by structural proteins. The
central end of the actin filaments also binds to this central structure, but in an
indirect manner through linking proteins, the nebulins.[7].
Actin is a thin protein filament made of G-actin monomers, which are arranged

to form a double helix structure. Along the double helix of the actin filament
runs another helical protein which is tropomyosin on which the troponin proteins
are located [8]. Troponin is the protein that regulates muscle contraction and is
composed of three polypeptide subunits: troponin I, C, and T that bind to F-actin,
calcium ions, and tropomyosin filaments, respectively.
Tropomyosin is a helical protein involved, along with troponin, in the control of
muscle contraction by preventing actin-myosin binding.
Finally, the myosin filament is composed of two regions: the first is the portion
where the myosin is anchored to the M-line of the sarcomere; instead, the second
region contains an active site for binding ATP and is the point where the binding
between the actin filament and the myosin head occurs [8].
Muscle fibers can be classified into three types depending on the speed, length of
contraction, and how ATP is produced. Type 1 fibers are also called slow oxidative
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Figure 1.1: Schematic representation of the muscle fiber. Reproduced from
Bonetto et. al. [10]

fibers because most ATP is produced at the mitochondrial level using oxygen
reserves. This process of ATP synthesis is called oxidative phosphorylation and will
be described in more detail in the following sections. Muscles composed primarily
of this type of fiber are better suited for endurance exercises.
The intermediate fibers, IIa fibers, are rich in mitochondria like slow fibers but
also have sufficient glycolytic enzymes to produce energy through an anaerobic
mechanism.
In contrast, type IIb fibers produce ATP from glycolysis because of their high accu-
mulation of glycogen, glycolytic enzymes, and low number of mitochondria. Type
IIb fibers are also called fast twitch fibers because of their ability to produce great
force in a short amount of time. Because force is produced by anaerobic glycoly-
sis, muscle fatigue occurs after a short time when glycogen stores are depleted [7] [8].

1.1.2 Myogenesis
The formation of adult muscle tissue occurs through a process called myogenesis in
which precursor cells, in the presence of certain stimuli, differentiate and fuse to
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form mature tissue.
The myogenic process has been studied in vitro on isolated muscle cells of mice, rats,
or humans, or with immortalized cell lines and consists of an ordered process that
occurs in two different temporally separated stages called primary and secondary
myogenesis.
Myoblasts are the precursor cells of muscle, these in the presence of proliferative
stimuli replicate until the conditions for differentiation occur. In vitro, differentia-
tion is induced by depriving myoblasts of proliferative factors.
The first phase of myogenesis sees myoblasts differentiate into more elongated
structures called myocytes. The latter are able to migrate, adhere and interact
with other myocytes in order to fuse generating a multinucleated structure called
myotube. In the process of fusion myocytes appear and preferentially bind to the
ends of already formed myotubes. Focusing on the myocytes migration previously
mentioned, it was observed in different in vitro studies a change in cell motility
during the differentiation process. If compared to myoblasts, it was seen that
reduced motility of myocytes may promote cell-cell contact and so the subsequent
fusion into myotubes. There were also observed several modifications within the
structure of a cell that undergoes differentiation. Firstly, particular lamellipodia
and filopodia extensions were observed in cells’ contact regions to find other cells
in the neighborhood that are ready to fuse [11] [12].

Figure 1.2: Schematic representation of the differentiation process from my-
oblasts to myotubes at top, representative images of in vitro cultures at bottom.
Reproduced from Abmayr et al. [11]

This complex process, regulated by numerous factors including signaling molecules,
genetic regulators, modifications of the cytoskeleton, etc., is the first step in the for-
mation of muscle tissue. But this process of differentiation and fusion of myoblasts
can also occur within mature muscle tissue, involving a third type of precursor
cells, the satellite cells.
Satellite cells, located between the basal lamina that surrounds each fiber and the
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plasma membrane of the myofiber, are usually in a quiescent state in adult muscles,
but they can exit to this quiescent state in the presence of specific stimuli.
The activation of these cells occurs as a result of an immune response due to muscle
degradation caused by physical or chemical trauma, which trigger a rapid necrotic
process localized at the point of injury. Once out of quiescent state, satellite cells
begin to proliferate, differentiate and fuse with existing fibers in order to repair
and reunite the flaps of the injured area [11] [12] [13].
Activation depends on the interaction between satellite cells and the environment
in which they are located, the niche. For example, the activation of satellite cells
is not restricted to the area of the injury alone but occurs along with the entire
muscle fiber, requiring the migration of the activated satellite cells [12].
This process gives the muscle self-healing capabilities but is also important for
cellular turnover which makes possible the adaptation of the muscle and its perfor-
mance to different physical and pathological conditions [11] [12][13][14].
Cell turnover is made possible by the simultaneous work of regeneration processes,
through satellite cells, and protein degradation, via ubiquitin-proteasome system
and autophagy [15].
The ubiquitin-proteasome system is required to remove damaged contractile pro-
teins in response to changes in muscle activity. Autophagy, on the other hand, plays
a fundamental role in the turnover of cellular components with the removal of other
cellular components no longer functioning. These two aspects will be described in
greater detail in the next chapter when the mechanisms that contribute to the loss
of muscle mass will be examined specifically [15].
As explained below, these processes involved in cellular tourn-over are affected by
the presence of oxidative stress.

1.1.3 Muscle alterations
Muscle alterations can be ascribed to several reasons (such as disease or disuse),
and can either be transitory or permanent. Myopathy is the term comprising
alterations of pathological origin. One of the main consequences of myopathies is
manifested through the weakness of the skeletal muscles [16].
Diseases that affect skeletal muscles can be classified into three categories.
The first category comprehends the disorders of muscle metabolism. Oxidative
phosphorylation is the aerobic process of cellular respiration in which the greatest
amount of energy is synthesized in the form of ATP. Since ATP is needed to ensure
the proper skeletal muscle contraction, patients with impaired oxidative metabolism
are unable to sustain medium/long duration physical performance. Premature
muscle fatigue is the main feature of these pathologies that involve muscle energy
metabolism.
The second category concerns those disorders characterized by reduced muscle mass
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due to necrosis or atrophy on a genetic basis, with the consequent replacement
of the muscle mass with adipose and connective tissue. Examples of muscular
dystrophies are Duchenne’s and Becker’s.
Both dystrophies are characterized by the absence of dystrophin. Dystrophin is a
protein of the skeletal muscle filaments that supports the sarcolemma. It is clear
that the total or partial lack of dystrophin causes damages to the sarcolemma with
consequent weakness and atrophy of the muscle. Although the anaerobic processes
of ATP synthesis appear to function properly, patients’ physical performances are
highly compromised due to the condition of muscle atrophy and weakness.
The third category of myopathies includes the disorders relative to muscle con-
traction. These disorders can result from intrinsic muscle dysfunction or due to
abnormalities or damages in the central nervous system, motor nerves, or neuro-
muscular junction [17] [18].
This work will focus on muscle disorders related to the overproduction of reactive
oxygen species. Particular attention will be given to the condition of muscular
atrophy.
Skeletal muscle atrophy is defined as a decrease in the size of a tissue or organ due
to the loss of organelles, cytoplasm, and proteins. It can be the result of disuse,
denervation, systemic disease, or malnutrition. In all cases, the common features
that lead to muscle loss are increased degradation of contractile proteins along with
reduced protein synthesis.
Atrophy, as a consequence of muscle disuse, results in a decreased activity of motor
neurons, a reduced protein synthesis rate, and an increased catabolic process with
consequent loss of muscle mass and strength [8].
In particular muscle loss may be due to:

1. Inhibition of protein synthesis in favor of catabolic activity.

2. Increased muscle proteins-ubiquitin conjugations.

3. Increased protein degradation through autophagy and catabolic activities.

4. Increased production of certain signaling molecules, like cytokines and steroids,
that may alter other signaling pathways involved in the protein synthesis and
degradation [19].

These evidences about muscle protein degradation are also based on the observa-
tion of the slight and chronic imbalance of the autophagic process that contributes
to the loss of muscle mass that occurs in the elderly, also called sarcopenia. During
the ageing process, the abnormal regulation of the autophagy process interferes
with the contractile properties of myofibers making them more susceptible to
contraction-induced damage leading to muscle atrophy.
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Peterson al. in their study have shown a correlation between the age of the individ-
ual, increased protein degradation, an increase in the accumulated oxidative stress,
and cellular apoptosis.
It, therefore, appears that oxidative stress can contribute to the development and
aggravation of muscle atrophy.
Reactive Oxygen Species can also influence muscle force. Myofilament proteins,
such as myosin and troponin C, are targets of ROS and oxidation alter their
structure and also affect their sensitivity to calcium which affect the proper muscle
force production [15] [20] [21].
In the next sections, the correlation between oxidative-stress and muscle damage
will be investigated in more detail by focusing on understanding which are the
sources of free radicals within skeletal muscle, and the contribution of oxidative
stress in the alteration of the aforementioned muscle degradation processes will be
examined in greater detail.

1.2 Free Radicals and Oxidative stress
This second section deals with the condition of oxidative stress that occurs in
skeletal muscles highlighting the sources, the possible causes and consequences.
First, is provided a brief overview of the problem with the definition of free radicals
and oxidative stress. Then are listed the main sources of reactive oxygen species
within the muscle tissue with a particular focus to the mitochondria as it is the
most productive site. The discussion continues with the analysis of the cellular
mechanisms that, influenced by the presence of reactive oxygen species, contribute
to muscle degradation.
When the production of reactive oxygen species exceeds the antioxidant defense
capabilities of the body, it is necessary to increase the defenses through the exoge-
nous administration of antioxidant principles [4].
The section then concludes with an analysis of the mechanisms of antioxidant
defense of biological systems and highlighting the problems of traditional low
molecular weight exogenous antioxidant agents that lead to the adoption of a
nanotechnological approach as an alternative solution to combat oxidative stress.

1.2.1 Free radicals
All atoms or molecules that contain one or more unpaired electrons are categorized
as free radicals. The surplus of electrons gives them instability and high reactivity
with many targets, such as biomacromolecules (lipids, nucleic acids, proteins etc.).
[6].
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Free radicals can be classified into two groups based on the element that represents
the reactive center. Free radicals with oxygen as the reactive center, but also
oxygen derivatives, are defined as reactive oxygen species (ROS). In contrast, free
radicals with nitrogen as the reactive center are classified as reactive nitrogen
species (RNS).
Radicals can come from external sources, but they can also be generated within cells.
Generation of free radicals from external sources occurs through penetration into
the body of substances such as environmental pollutants, heavy metals, chemical
solvents, cigarette smoke, alcohol, or ionizing radiation. Once internalized, these
substances are metabolized producing free radicals as by-products [22].
Instead, endogenous free radical generation can occur through enzymatic reactions
or through other internal processes such as cellular respiration, inflammation, infec-
tion, cancer, intense exercise, or during aging. The two most common free radicals
resulting from cellular mechanisms are the superoxide radical (O≠

2 ), resulting from
an incomplete oxygen reduction process in electron transport systems or, as the
nitric oxide (NO) that is the second main endogenous free radical, as a product of
enzymatic reactions [6] [22].
It is now presented a brief list of the most common free radicals produced within
cells.

1. Superoxide radical (O≠
2 ): as mentioned earlier, the superoxide radical is the

free radical most present in the body. It is generated as an intermediate
product in several biochemical reactions by NADPH oxidase, and peroxidase.
This radical is also largely produced as an immune response by inflammatory
cells as a defense agent against foreign organisms.
Once formed, it can react with other substances such as nitric oxide, or
oxidize/reduce biological materials, or be involved in a process of chain re-
actions that in turn generate other free radicals such as hydrogen peroxide
(H2O2), hydroxyl radical (OH≠), peroxynitrite (ONOO), and hypochlorous
acid (HOCl).
Compared to other free radicals, it is less reactive but has a long half-life that
allows a good diffusion within the body [6] [22].

2. Hydrogen Peroxide (H2O2): it is a non-radical ROS resulting from some
enzymatic reactions such as the dismutation of the superoxide radical by
superoxide dismutase, which will be explained in more detail in this section.
Hydrogen peroxide is weakly oxidizing, in fact it is not able to directly oxidize
DNA and lipids but can contribute to the inactivation of some enzymes.
Although it is weakly reactive at high levels it can become cytotoxic because
through the Fenton and Heber-Weiss reactions catalyzed by metals it is able
to generate hydroxyl radicals [6].

3. Hydroxyl radicals (HO≠): as mentioned, it is generated via Fenton reaction
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by H2O2 when it reacts with free iron ions or other transition metal.

H2O2 + Fe2+ æ OH · +OH≠ + Fe3+ (1.1)

It can be also generated through the Haber-Weiss process when superoxide
and hydrogen peroxide react giving an oxygen molecule, an anion, and the
hydroxyl radical in a reaction catalyzed by iron or copper ions.

O≠
2 + H2O2 æ O2 + OH · +OH≠ (1.2)

Hydroxyl radical is the most reactive radical among those listed and because
of this very high reactivity it damages the molecules that are close to the
production site [6].

4. Nitric Oxide (NO·): it is synthesized in many cell types from the amino acid
L-arginine and it is involved in many physiological roles, for example it is
a messenger required for the proper blood flow modulation. It is a weak
reducing agent that reacts, as mentioned earlier, very rapidly with superoxide
to produce peroxynitrite [6].

5. Peroxynitrite (ONOO≠): The reaction by which this radical is formed is the
first reaction to occur when peroxynitrite interacts with the superoxide radical
because this reaction occurs three times faster than the reaction of dismutation
of the superoxide radical by superoxide dismutase.

O≠
2 + NO· æ ONOO≠ (1.3)

Given the ease with which it can be generated, peroxynitrite can be highly
dangerous because it is highly oxidizing and can damage DNA, proteins and
thiol groups.[6]

As you can guess from the above free radicals inside biological systems can have
a dual role, both beneficial, being involved cell processes like respiration, lipid
synthesis and immune response, and harmful according to the concentration. When
there is an imbalance between the production of reactive species and the body’s
ability to defend itself against oxidizing agents, a situation called oxidative stress
arises.
In a highly oxidative environment, free radicals begin to oxidize biological macro-
molecules as lipid, nucleic acid, and proteins. For example, a high presence of
hydroxyl radicals can cause lipid peroxidation, which through a series of other chain
reactions can lead to the formation of cytotoxic and mutagenic agents. Oxidative
stress damage to proteins causes conformational changes that result in a loss, or
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impairment, of their function. DNA damage can cause mutagen formation or loss
of genetic information.
Oxidative stress is not only a common feature of several diseases such as heart
failure, muscle wasting, diabetes, cancer, and neurodegenerative diseases such as
Parkinson’s and Alzheimer’s, but it can also be the cause of worsening and disease
onset [22].

1.2.2 Free radicals sources in Skeletal Muscle
In this paragraph, the main free radical production sites within muscle tissue are
presented.
As seen above ROS produced endogenously have a physiological function, in muscle
tissue in particular they can act as signal molecules in regeneration processes
and mitochondrial biogenesis. Excessive production of free radicals, however, can
compromise normal cellular functioning by altering proteins, lipids and nucleic
acids.
The generation of free radicals within the muscle tissue occurs as a result of physical
stimuli such as intense exercise but also prolonged muscle disuse. From the litera-
ture [6] there is evidence of a high production of ROS following intense physical
exercise especially in the liver and skeletal muscle. Even muscular disuse seems to
cause an excessive production of free radicals and in particular, focusing on skeletal
muscle, of superoxide ion.
Mitochondria appear to be the main source of free radicals within the muscle
fiber. It appears that 2-5% of the total oxygen consumed by mitochondria during
metabolic processes may be reduced to the form of superoxide ion [6].
Mitochondria are double membrane organelles involved in several cellular pro-
cesses including metabolic processes, cell cycle regulation and apoptosis. They
are extremely dynamic organelles as they are able to regulate cellular dynamics
according to the stimuli provided, for example in response to an increased energy
demand through biogenesis or in response to damaged cellular components they
can program apoptotic processes [20]. Mitochondria consume oxygen to generate
ATP through a process called oxidative phosphorylation (OXPHOS), which is ac-
complished through the tricarboxylic acid cycle (TCA) and the electron transport
system (ETS). The ETS is a complex of five polypeptides located in the inner
mitochondrial membrane (from complex I to complex V) that are responsible for
accepting electrons instead, the TCA cycle has the task of generating the reduced
form of NAD+ and FADH (NADH and FADH2).
The process begins when NADH and FADH2 donate electrons to the ETS. These
electrons move through red-ox reactions along the chain of complexes generating
an amount of energy that allows the translocation of hydrogen ions across the inner

11



Introduction

mitochondrial membrane. At complex IV these electrons are donated to oxygen
which is reduced to water.
This process is followed by the generation of a membrane potential and proton
gradient, which is used to move back hydrogen into the mitochondrial matrix. It is
through this backward movement through the last complex (complex V, also called
ATP synthase) that leads to ATP synthesis [20].
During the electron movements described above, there is a likelihood of ROS being

Figure 1.3: Schematic representation of the electron transport process during
oxidative phosphorylation. Reproduced from Peterson et al. [20]

generated due to the possible release of electrons from the inner mitochondrial
membrane. ETS complex I and complex III, in particular, are the main sites
involved in the production of superoxide [6] [20].
It must be considered that the number of mitochondria in skeletal muscle tissue
is the highest because of its need to produce a large amount of ATP required for
muscle contraction, so muscle cells can be considered as highly productive sites of
ROS [6] [20].
Reactive oxygen species are not only produced within the mitochondria, but also
by the sarcoplasmic reticulum from the transverse tubule system and also through
other internal mechanisms. An example is the production of ROS following a
muscle injury event. The immune system responds to an injury by invading the
area of damaged tissue with macrophages and phagocytosing cells. The latter
during the regeneration process release ROS that can then induce oxidative stress
and damage surrounding tissues [6] [22].

1.2.3 Oxidative damage in muscle tissue
If previous paragraphs mentioned the main sources of ROS in the muscle cell,
the focus is now shifted on the oxidation-induced problems in muscle tissue with
particular attention on the ROS-dependent mechanisms.
Focusing on the condition of muscle atrophy following disuse, demonstrations
correlating elevated ROS production with the weakness and loss of muscle mass
that characterizes this condition can be found in the literature [6] [15] [4] [21] [22].
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This evidence relates high levels of oxidative stress within muscle tissue to muscle
fiber degradation. Indeed, there are five different ROS-dependent mechanisms
involved in protein synthesis or degradation in skeletal muscle. The presence of
ROS affects the proper functioning of these mechanisms by causing an imbalance
in the protein synthesis-degradation systems leading to a reduction in muscle mass.
A list of ROS-dependent mechanisms involved in muscle degradation follows.

1. The ubiquitin-proteasome system (UPS) is considered one of the major protein
degradation systems within the muscle cell. The role of UPS is to label, via
ubiquitin (Ub) molecules, specific proteins that have been selected to be de-
graded by the E3 enzymes (ubiquitin ligase). The degradation of the selected
proteins is carried out by a specific subunit of the UPS (the S26 subunit) [21].
The degradation activity of the UPS can be highly upregulated in pathological
conditions and oxidative stress is one of the causes of this over-activation.
High ROS concentrations can increase the production of the proinflammatory
transcription factor NF-kB (nuclear factor kappa B), which is involved in the
regulation of specific UPS genes. In particular, in skeletal muscle, NF-kB
induces the expression of a specific E3 enzyme (MURF1) that targets my-
ofibrillar proteins and other factors involved in the myogenic process. NF-kB
has also been found to induce an increase in the production of certain pro-
inflammatory cytokines, like TNF ≠ –, which also appear to be involved in
the development of muscle atrophy.
This evidence correlates ROS with overexpression and dysregulated activity of
critical UPS components, specifically increased conjugation between ubiquitin
and muscle proteins that causes decreased muscle mass [15] [21].

2. The second muscle protein degradation system is represented by Calpains.
These are proteases activated by the presence of high calcium cytosolic (Ca2+)
levels and, in skeletal muscles, they are involved in the flaking of target pro-
teins.
As mentioned in the previous section, high levels of ROS in the sarcoplasmic
reticulum cause an increase in the release of calcium by the latter. Being
Calpains activation Ca2+-dependent, a consequence of this excessive release
of calcium leads to Calpains over-expression.
This dependence of Calpains expressions on ROS has been confirmed by some
studies which report that both ROS levels and Calpains over-expression can
be controlled through antioxidant treatments [6] [21].

3. Muscle loss can also be attributed to the inhibition or malfunction of anabolic
processes in favor of the catabolic ones.
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The anabolic process includes all mechanisms that, starting from small
molecules, synthesize more complex molecules which will then be cellular
components.
Protein synthesis begins when insulin-like growth factor (IGF1), activated
through phosphorylation of its receptor (IGRF), activates an enzyme (PI3K
enzyme) that in turn activates protein kinase Akt and thus mTOR, which is
the gene responsible for protein synthesis in skeletal muscle.
IGF1 is a growth factor involved precisely in the maintenance of the rate of
synthesis-degradation of proteins, in fact, in addition to activating the process
of protein synthesis is also involved in the inhibition of protein degradation
operated by UPS.
The presence of ROS can inhibit the protein synthesis process by affecting
the pathways involved: it has been said that ROS increases the production
of proinflammatory cytokines such as TNF-alpha, which is a small protein
responsible for the alteration of the PI3K / Akt pathway. An alteration of
the PI3K / Akt pathway causes the inhibition of the anabolic process and
therefore protein synthesis.
This relationship between the anabolic process and ROS was also supported
by different studies that claim antioxidant treatments are a way to prevent
Akt inhibition [21].

4. A further effect of ROS overproduction is the alteration of the process by
which non-functional or damaged cellular components are degraded. This
physiological process is called autophagy.
Autophagy is a fundamental cell turnover process that eliminates the non-
functioning cellular components by encapsulating them in a vesicle called the
autophagosome. Autophagosomes are double-membrane vesicles that fuses
with lysosomes to degrade the non-functional components contained inside.
The mechanisms by which this process is influenced by ROS are still unknown,
but some evidence indicates that these two phenomena are related. Some
studies report that if the autophagy process is over-regulated, the level of
ROS will increase. On the other hand, other researchers show that it is
the increase in ROS production that leads to unregulated autophagy. It is
therefore possible to think about the existence of a double directionality that
connects these two phenomena.
Other studies suggest also that some signaling pathways are involved in the
alteration of the autophagy process due to ROS presence, and an example is
the alteration of pathways that regulate the autophagosomal formation [21].

5. Reactive oxygen species trigger also the beginning of a vicious circle inside
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the mitochondrial functioning.
Proper mitochondrial function depends on a number of mitochondrial processes
such as biogenesis, remodeling and fusion, and finally degradation (mitophagy)
[21]. It was shown [20] that the alteration of the mitochondrial life cycle
can lead to a decreased ATP production and an increased production of free
radicals.
Furthermore, when ROS oxidizes the respiratory chain and the mitochondrial
DNA, they cause DNA mutations and other alterations of proper mitochon-
drial functioning. In this way, a vicious circle begins because, as just said,
non-functional mitochondria are also highly ROS productive. It is therefore
of great importance to have an efficient mitochondrial turnover via mitophagy
to prevent excessive ROS production and also to degrade non-functional mito-
chondria [20] [21].

Based on what has been reported above [6] [15] [20] [21], it is possible to say tall
of these mechanisms are involved in muscle loss and are influenced by the presence
of high levels of reactive species.
It is therefore possible to summarize that muscle degradation as a result of muscle
disuse is caused by the oxidative stress condition that occurs within skeletal muscle
tissue. Oxidative stress is the cause of the dysregulated relationship between the
synthesis and degradation of the contractile proteincs that comprise and character-
ize skeletal muscle. The presence of high levels of ROS increases the activity of
the two main processes involved in protein degradation: the ubiquitin-proteasome
system and Calpain. In addition, ROS are involved in the inhibition of the anabolic
process involved in protein synthesis, autophagy and mitochondria malfunction.
The malfunction of these processes caused by OS, triggers a vicious circle in which
the malfunction of these processes can lead to further production of free radicals.
It is clear that a proper redox balance is highly important to maintain the integrity
of muscle tissue.
Release of ROS during the abovementiobed processes is normally neutralized by
the antioxidant defenses of living organisms. If the amount of ROS becomes greater
than the cell capabilities in ROS scavenging, the administration of antioxidants is
the only solution to prevent muscle oxidative damage [22].

1.2.4 Antioxidant defense system
This paragraph is concerned with describing the main antioxidant mechanisms used
by cells to maintain redox homeostasis, explaining that endogenous antioxidants
can be classified into enzymatic and non-enzymatic agents.
Exogenous antioxidant agents can be introduced into the body through the diet.

15



Introduction

There are in fact many antioxidant principles of natural origin found in many foods.
This section concludes by addressing the main issues related to antioxidant agents
normally administered to counteract the condition of oxidative stress, which lead
to take a nanotechnological approach as a solution to the problem.
An antioxidant is a molecule capable of preventing the oxidation of a substrate.
Endogenous antioxidants are located both in cellular compartments such as or-
ganelles and cytoplasm, but also in the extracellular and vascular space.
Antioxidants act in a coordinated manner through different strategies to counteract
the excessive production of free radicals. Among the different strategies to fight the
reactive oxygen species (ROS), antioxidant enzymes act by catalyzing the reaction
that transforms the reactive species into something less reactive. Instead, low
molecular weight antioxidants, such as glutathione, uric acid and dietary antioxi-
dant agents, act as scavengers by eliminating ROS [6].
A list of the major enzymes involved in counteracting excess reactive oxygen species
is now presented.

1. Superoxide dismutase (SOD). It is the enzyme that protects against superoxide
radicals (O≠

2 ) by dismutation in hydrogen peroxide (H2O2) and oxygen (O2)
[21] as indicated in the reaction below 1.4.

2O≠
2 + 2H+ æ 2H2O2 + O2 (1.4)

There exist three isoforms of SOD: SOD 1-2 and 3 located in the intracellular
cytoplasmic compartment, in mitochondria, and the extracellular matrix
respectively. The amounts of SOD present in skeletal muscle fibers differ
among fiber types, and it has been shown that regular muscle exercise can
promote SOD1 and SOD2 content in muscle fiber [6].
Abrigo et al. reports the result of an additional study showing a correlation
between SOD1 deficiency and loss of muscle mass in mouse models indicating
a possible involvement of this enzyme in muscle maintenance [21].

2. Catalase (CAT). Catalase is an enzyme present in the cytoplasm and mito-
chondria of muscle fibers that catalyzes, as indicate in the reaction 1.5, the
breakdown of hydrogen peroxide to water and oxygen [6].

2H2O2 æ 2H2O + O2 (1.5)

This enzyme uses iron as a cofactor, and enzymatic activity appears to be
higher in oxidative myofibers when compared with fast glycolytic fibers. [21]

3. Glutathione peroxidases (GPX). It is a tetrameric enzyme with a higher
affinity to hydrogen peroxide compared with Catalase [6]. GPX catalyzes the

16



Introduction

reduction of hydrogen peroxide and also organic peroxides (ROOH) into water
or ROH respectively via the oxidation of the Glutathione (GSH), which works
as an electron donor and is oxidized to glutathione disulfide (GSSG).

2GSH + H2O2 æ GSSG + 2H2O (1.6)

2GSH + ROOH æ GSSG + ROH + H2O (1.7)

Exist five types of GPXs that perform the same activity, but they differ in
substrate specificity and localization within the cells. In all cases, given the
functioning of GPX which requires GSH as an electron donor, it is important
that cellular systems are able to regenerate GSH from its oxidized form GSSG.
As for the other two enzymes, the content of GPX depends on the type of
muscle fiber [6].

Together with the action of enzymatic antioxidants, another group of antioxidants
acts to purify the cell from reactive oxygen species. They are called secondary
or non-enzymatic antioxidants and some of the most non-enzymatic antioxidants
of cells are bilirubin, uric acid, and coenzyme Q10 (ubiquinone). Among them,
Glutathione (GSH) is the most important in the muscle fiber.
GSH is a tripeptide synthesized in the liver and transported to tissue by blood
circulation. The concentration of GSH varies depending on the type of tissue,
indeed, in tissue highly exposed to oxidant the concentration increases. GSH plays
different roles as an antioxidant:

1. It can donate hydrogen to reactive spices.

2. It cooperates with the enzyme GPX to decompose hydrogen peroxide and
organic hyperoxides.

3. It participates in the maintenance of the reduced state of other antioxidants
like Vitamin C and Vitamin E.

Antioxidants can be uptaken also through alimentation. In this case, they are
called dietary antioxidants and they are not synthesized by humans.
A few examples of dietary antioxidants are recalled in the following: the most
studied is vitamin E, which is a lipophilic molecule synthesized from organisms
that can be assumed through oils and seeds. More generally, the term vitamin E
refers to 4 tocophenols and 4 tocotrienols. The antioxidant activity comes from
the free hydroxyl group present on the structure. Being fat-soluble it resides in
lipid membranes and lipoproteins and is therefore responsible for their protection
against free radicals [6] [22] [23].
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Vitamin C, also called ascorbic acid can scavenge some free radicals such as super-
oxide, and contribute also to the recycling process of vitamin E [6] .
Vitamin C is a water-soluble molecule that contains two hydroxyl groups disposed
to donate an electron or a hydrogen atom from which derive the antioxidant capa-
bilities.
Being water-soluble, vitamin C is found at high concentrations in tissues (2.5 mM),
but it is also free in the bloodstream but at lower concentrations (from 20 to 85
µM). Vitamin C appears to have an excellent effect in protecting plasma lipids
from free radicals, but being a reducing agent it may also have pro-oxidant activity.
In fact, vitamin C, like hydrogen peroxide, can reduce transition metals through
the Fenton reaction generating very reactive hydroxyl radicals (OH≠). [6] [23]
The carotenoids are lipid soluble antioxidants whose antioxidant capacity against
superoxide ion and peroxidant derive from the particular structure composed of
chains with conjugated double bonds. Being fat-soluble they too, like vitamin E,
are located mainly in cell membranes [6].
Flavonoids are a class of polyphenolic compounds with functional hydroxyl groups
able to scavenge free radicals or chelate metal ions. Flavonoids are polyphenolic
compounds whose antioxidant properties derive from their ability to scavenge free
radicals due to the particular conformational arrangement of functional hydroxyl
groups. In particular, the configuration, the substitution and the total number
of hydroxyl groups are the factors that determine the mechanisms of antioxidant
activity of these compounds. In fact, flavonides are involved in both scavenging and
suppressing the production of reactive species [22]. Dietary antioxidants belong
to the family of low molecular weight antioxidants and it is possible to consider
vitamin C and vitamin E as important antioxidants to maintain redox homeostasis.
Based on what said, antioxidants act through various mechanisms to prevent tis-
sue oxidation by inhibiting the propagation or generation of free radicals. The
effectiveness of an antioxidant lies in its ability to interfere with free radical chain
reactions by donating an electron.
When the condition of oxidative stress is significant, it is necessary to intervene with
the administration of antioxidant agents from outside. Current therapies involving
the administration of low molecular weight antioxidants show some problems due
to the short half-life of the antioxidant in the body, the lack of specificity of the
target, and especially once neutralized a reactive species antioxidant activity ceases.
These problems require administration of repeated doses to address the problem
[4].
To overcome this problem, many studies are focusing on the development of
nanotechnologies with antioxidant properties. Among the promising antioxidant
nanotechnology solutions, this work will focus on cerium oxide nanoparticles [4].
Cerium oxide nanoparticles, also called nanoceria (NC), are highly biocompatible
and are extremely interesting for their ability to mimic the activity of the two
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enzymes superoxide dismutase and catalase. The characteristics and properties of
these nanoparticles will be described in more detail in the chapter (Section 1.4).

1.3 Microgravity as mechanical stimulation to in-
duce oxidative stress

Skeletal muscles easily adapt their morphology and cellular functions according to
the variation of the stimuli and loads received [24].
Concentrating now on the loads exerted on the muscles, it must consider that all
living beings have evolved by adapting to the presence of the constant load imposed
by the force of gravity and it is clear that any slight alteration of this condition
will cause alterations within the tissue [2].
Long periods of bed rest or immobilization are the conditions in which skeletal
muscles suffer from the lack of load imposed by gravity. As presented in a previous
section (Section 1.2.3), skeletal muscles suffer damage from the presence of reactive
oxygen species following prolonged periods of inactivity. Another situation in which
normal muscle loading is lacking is that experienced by astronauts during space
travel. Several authors report a correlation between the loss of muscle mass that
occurs upon return from space travel and the condition of oxidative stress [2] [3]
[5].
The condition of weightlessness is called microgravity to indicate the value towards
zero of the gravity vector [2]. This section will mainly focus on how the adaptation
of biological systems to conditions of microgravity can induce changes in cell mor-
phology and also in physiological processes.
The first subsection provides a list of the main devices used to simulate the
microgravity condition in the laboratory. A more accurate description of the
instrumentation used in this thesis project will be provided in Chapter 3 when
the experimental set-up is described. In conclusion, since loss of muscle mass is
the main problem detected after exposure to microgravity, the second subsection
explains the changes observed in vitro on muscle cells after exposure to microgravity.

1.3.1 Devices to simulate microgravity conditions
In this section the main devices developed to simulate microravity are examined.
These devices are needed to overcome the problems due to practical difficulties,
safety constraints but also the high costs encountered in conducting experiments
in real conditions of microgravity in space [3][25].
These devices can be categorized into two groups: rotating walled vessels, and 2D
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and 3D clinostats.
A first version of the rotating wall vessel (RWV) was developed by NASA with
particular attention to fluid dynamics to try to minimize the generation of stress
due to turbulence. It consists of a slowly rotating container filled with liquid into
which cells fall constantly. The design of the device provides for maximizing the
oxygenation of suspension cultures. The choice of rotational speed must be chosen
appropriately to the weight of the suspended cells and the density and viscosity of
the fluid. [26].
Among clinostats, an early version of the 2D clinostat is the rapid rotation clinostat
(FRC). It consists of a series of rotating tubes with a millimetric diameter in which
cell cultures are suspended. For correct functioning, the balance between fluid
density, viscosity, and cell density is needed.
Studies with the FRC are limited at small samples because of the impossibility
to make larger diameter tubes to avoid centrifugal forces generation that could
damage cells. The rotation speed usually used space from 60 rpm to 90 rpm [26].
The 3D clinostat is another commonly used device. In this case, the machine is

Figure 1.4: Random positioning machine components. Reproduced from S.J.
Pardo et al. [27]

composed of two frames driven by two independent motors which ensure a smooth
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speed rotation.
The subsequent development of this device consists of randomizing the direction
of rotation of the two frames. The generated random motion gives the name of
Random Positioning Machine (RPM) to this device.
The random positioning machine is composed, as shown in the Figure 1.4, of an
external frame positioned perpendicularly to two parallel internal frames connected
by a platform on which the sample is positioned. The two inner frames and the
outer one are able to rotate independently in different directions and at different
speeds to simulate the microgravity condition [26] [28]. The instrument is not able
to remove the force of gravity but through the random movement makes sure that
the sample placed on the central platform does not feel it. [27] Going into more
detail, microgravity is generated through an algorithm that rotates frames randomly.
The totally random movement allows for the continuous change of direction of the
gravity vector from the point of view of the samples. These continuous changes
of direction of the gravity vector allow obtaining an average of its value close to
zero [29]. It is known from the literature that frames must rotate faster than the
sample reaction time to prevent cells from feeling the influence of gravity if the
gravitational vector points in a certain direction for long enough [26][25].
In order to achieve a good simulation of microgravity, it is essential to satisfy
several constraints and find the most suitable experimental rotational conditions
for the sample in question.
Correct positioning of the samples on the platform placed between the two inner
frames is highly important to prevent side effects such as the generation of cen-
trifugal accelerations. Centrifugal accelerations depend on the rotational speeds
of the two frames and also on the position of the sample and provide exactly the
opposite stimulus to the one we want to recreate with RPM. In an ideal condition
where all cells are positioned in the center of rotation, the perceived centrifugal
acceleration can be considered negligible [26] [29].
For this reason, also the RPM manual suggests that it is important to position the
sample as close as possible to the center of rotation, possibly within a circumference
with a radius of 22 mm. The constraint of having to place samples within this
circumference leads to significant limitations in the size of samples that can be
used.
Given the random rotation mode, the culture chambers must provide the ability to
be sealed to prevent fluid leakage for the duration of the experiment. The need to
seal filled culture chambers can lead to an additional stress due to the movement of
air bubbles that can generate strange fluid movements causing shear stresses to the
sample [29]. Therefore, the need arises to implement a good method to close the
culture chambers to avoid trapping air bubbles inside during the sealing process
and also to avoid as much as possible the formation of bubbles during rotation.
Another problem is the generation of turbulence within the fluid that can cause
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shear stresses on the cells attached to the substrate. This problem can be solved
by minimizing the volume of the culture chambers as much as possible.
The convenience of the RPM lies in its small size, which allows it to be placed
inside an in vitro cell culture incubator, thus ensuring temperature, CO2 level and
humidity control [29].

In addition, the RPM allows three rotation modes. The first mode is the 2D

Figure 1.5: Schematic representation of the random positioning machine with
samples placed on the central plate. Reproduced from A.G. Borst et al. [29]

clinostat mode in which only one of the two frames is set in motion and maintained
at a constant speed. The second rotation mode is the 3D clinostat mode where
the rotation of the second frame is added and the speed of both remains constant
as well. However, this rotation mode does not guarantee symmetrical coverage
of all possible orientations as it generates repetitive and predictable trajectories.
As mentioned above to obtain a good simulation of microgravity, it is important
that the biological system is unable to adapt to a condition of gravity, it is there-
fore necessary to introduce a random movement to fill all possible orientations.
Therefore when the RPM is set to the random mode the two frames rotate in
different directions, at different speeds ranging between a previously set minimum
and maximum speed [29].
These devices are only suitable for simple biological systems such as cell cultures.
Among the various limitations we find the difficult sample handling. Especially
for RPM, sample preparation requires time, precision and manual dexterity. In
addition, long-term experiments that require changing the spent cell medium are
limited by the fact that such an operation is not possible without interrupting the
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microgravity simulation. Imaging also cannot be performed without disrupting the
continuity of the experiment.
Thus, among the various limitations and issues one can list the complicated sample
handling, the number of usable samples that also limits the high data throughput,
and most importantly the complicated fluid dynamics. The advantage of these
devices lies in the fact that they can provide results to complete those obtained in
the real condition of microgravity.

1.3.2 Effects of microgravity on muscle cells
Alterations at the level of the entire organism have been observed in astronauts
returning from space and are comparable to conditions found in people suffering
from degenerative diseases and also comparable to the aging process. It seems in
fact that the effects of inactivity following space travel are similar to an increased
aging process, with dysfunctions not only of the muscular system but also of the
immune system, heart and bones [2].
A loss of muscle mass and strength is known to occur after only 5 days of spaceflight;
during a short-duration space flight, the total loss is about 10-20% of the total
muscle mass [1] [3]. The level of severity of this condition is highly dependent on
the anatomical region and time of exposure to microgravity [5].
As seen in the previous section (1.3.2), muscle loss due to disuse is accompanied
by the generation of high amounts of ROS. In this case, the production of ROS is
not only due to muscular disuse but also to exposure to ionizing radiation that the
spaceships are not able to shield. The intensity of the radiation depends on the
proximity to the Earth and can generate reactive oxygen species within the tissues
by radiolysis of water [3].

In the literature [1][2][5] there are several in vitro studies in simulated micro-
gravity conditions aimed at finding solutions to problems related to the condition
of oxidative stress that aggravates the level of atrophy.
The immortalized cell line of murine myoblasts (C2C12) is considered a good model
for in vitro muscle testing because of its high proliferation rate and good ability to
differentiate into myotube under appropriate culture conditions producing many
proteins and mRNAs also present in the human muscle tissue [2].
Considering the results of the study conducted by D.Calzia et al, it seems that the
proliferation rate of these cells is not affected by weightlessness. On the contrary,
a positive proliferation rate was found in cells exposed to microgravity by using
a random positioning machine. On the other hand, regarding the process of dif-
ferentiation from myoblast to myotube, a delay in the process is observed when
comparing cells exposed to microgravity with control cells left in normal gravity [2].
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The more rapid proliferation of myoblasts was also found in another study where,
however, microgravity was simulated with a 3D clinostat [1].
In three different studies [1][2][30] conducted on differentiated C2C12 cells, they
showed the presence of oxidative stress, an increase in the expression of autophagy-
related genes that exposure to microgravity, and alterations in parameters indicative
of cellular metabolic status after exposure to simulated microgravity. In these three
studies, the gravity condition was simulated with different instruments, leading to
the suggestion of consistency in the data found.
Thus, the presence of oxidative stress [2], increased expression of genes related
to autophagy and muscle atrophy [1][5][30], and reduced calcium content in the
membrane probably due to increased calcium content in the intracellular space
[2] are all findings in line with what was said in the previous chapter regarding
ROS dependence of cellular mechanisms contributing to muscle loss. To confirm
this possible connection between microgravity exposure and muscle loss, a research
group compared the expression of the key mRNAs involved in protein synthesis
and those in autophagy. They found an increased expression of autophagy markers
and a low expression of those genes involved in protein synthesis [5].
In conclusion, in light of these precedent in-vitro studies about the effect of the
absence of gravity on C2C12 cell line it is possible to summarize the following
common effects:

1. The proliferation rate is not affected by microgravity but on the contrary,
some studies report an increased rate if compared with cells in normal gravity
condition.

2. The myoblasts’ differentiation process seems to be slowed down.

3. The presence of higher levels of reactive oxygen species in the tissue was
reported.

4. It was seen as a decreased protein synthesis due to the abnormal activation of
the autophagy and catabolism processes.

It is therefore evident that muscle adaptation to the absence of gravity causes
alterations in many cellular processes and the resulting muscle loss seems to be
related to the excessive production of reactive oxygen species due to muscle disuse.
Considering that oxidative stress is a common feature in different muscular patholo-
gies, there is the need to develop accurate in vitro models to find solutions to
prevent oxidative damage, not only for astronauts but also for patients on earth
suffering from muscle atrophy.
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1.4 Cerium oxide nanoparticles: a nanotechno-
logical approach for the treatment of oxida-
tive stress

Given the main causes of the oxidative stress condition, and given the problems of
conventional antioxidant therapies, this last section aims to introduce a nanotech-
nological approach as a solution to the problem.
In the first subsection is briefly proposed the state of the art about nanotechnology
with antioxidant capabilities to get to explain why the interest is posted on cerium
oxide nanoparticles, also called Nanoceria.
After describing the characteristics and properties of cerium oxide nanoparticles,
this introductory chapter concludes by describing the applications of Nanoceria
already under study in the field of nanomedicine.

1.4.1 Antioxidant nanotechnologies: state of the art
Current therapies with low molecular weight antioxidants or the administration of
free or encapsulated antioxidant enzyme show some limitations due to their short
half-life within the organism and the lack of specificity to the target.
Another limitation of traditional antioxidants lies in the fact that once the reactive
species has been neutralized, the antioxidant activity stops. This limitation requires
the necessity to administrate more antioxidant doses to reach the target with the
right concentration of antioxidants.
In light of these problems, many studies are focusing on the development of nan-
otechnologies with an antioxidant activity more similar to that of enzymes, where
once one cycle of action is completed, another begins thus limiting the administra-
tions.
Among the proposed solutions there are two types of synthetic antioxidant nanopar-
ticles: nanoparticles used as transporters, loaded with natural antioxidants, and
nanoparticles with their antioxidant activity [31].
An example understudy of the first type of nanoparticles includes the solid lipidic
nanoparticles (SLN) that carry the antioxidant principle protecting it from blood
clearance and keeping it in circulation for a longer time directing towards the
specific target [32].
Akram Ahangarpour et al. [32] conducted a study with SLNs loaded with a nat-
urally occurring antioxidant agent, Myricitrin, to evaluate the effects on type 2
diabetes mellitus. The nanoparticles were shown to improve the diabetic condition
and hyperglycemia, the cause of free radical overproduction, both in vitro and in
vivo.
On the other hand, examples of nanoparticles with intrinsic antioxidant capacity
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are gold and silver nanoparticles.
All of these examples are under study for different applications and the treatment
of different diseases. For example, AgNP have been tested to treat diabetes com-
plications caused by oxidative stress, showing significant benefits in the scavenging
of reactive oxygen species [33].
Another promising nanotechnology with antioxidant properties involves this time
organic nanoparticles: polydopamine nanoparticles.
Polydopamine, is widely known for its adhesive properties but also seems to be a
promising antioxidant agent. In the study performed by Xingfu Bao et al. [34] the
ability of polydopamine to fight oxidative stress in dental diseases and reduce the
inflammation process in vivo is shown.

Among the promising antioxidant nanotechnologies solutions, this work will
focus on cerium oxide nanoparticles, also called Nanoceria.
Nanoceria is highly biocompatible and extremely interesting due to its ability to
mimic the antioxidant capabilities of the two main antioxidant enzymes in the human
body: superoxide dismutase (SOD) and catalase (CAT). The interesting feature
lies in the particular crystal structure of the nanoceria that gives a biomimetic
antioxidant activity that is regenerated at the end of the cycle of red-ox reactions
[35].

1.4.2 Cerium oxide nanoparticles
Cerium oxide (CeO2) is a rare earth compound that belongs to the lanthanide
metals [36]. The resulting nanoparticles, Cerium oxide nanoparticles, also called
Nanoceria (NC), exhibit at the nanoscale a particular crystal structure that confers
interesting catalytic capabilities [37].
Indeed, at the nanoscele Nanoceria exhibit a cubic fluorite structure in which can
coexist both the trivalent and the tetravalent state of cerium, Ce3+ and Ce4+ [38].
The presence of the trivalent state creates a charge deficit that is compensated by
the presence of oxygen vacancies in the crystal structure.
Oxygen vacancies provide active sites for redox reactions giving the nanoceria the
ability to absorb and release oxygen molecules through the redox cycle between
the Ce3+ and Ce4+ ion couple [36] [31].
This ability to rapidly change the valence state from trivalent to tetravalent thanks
to the low reduction potential (1.52 V) [31] of the Ce3+ / Ce4+ pair, confers the
nanoparticles high catalytic performances that allow the use in different fields of
application from oxygen sensors, oxide fuel cells to ultraviolet absorbent [37] [31].
As for applications in the biomedical field, the nanoceria has aroused particular
interest thanks to the Ce3+ / Ce4+ pair which confers the nanoparticles biomimetic
properties [35].
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The biomimetic activity concerns the activity of the two main antioxidant enzymes
of biological systems, Superoxidismutase (SOD) and catalase (CAT).
Nanoparticles with a high ratio of trivalent to tetravalent states, thus nanoparticles
having a predominance of Ce3+, are mimetic of SOD. The trivalent state of cerium
(Ce3+) acts by mimicking the SOD enzyme through the reduction of the superoxide
ion (O2

-) into H2O2 through a two-step catalytic dismutation reaction, while the
nanoceria oxidizes from Ce3+ to Ce4+ [36] [31].
The SOD enzyme neutralizes O2

- by removing or donating electrons to it as shown
in the dismutation reactions below [36].

O≠
2 + 2H+ + (Cu+)SOD æ H2O2 + (Cu2+)SOD (1.8)

O≠
2 + (Cu2+)SOD æ O2 + (Cu+)SOD (1.9)

In the first step, SOD, by oxidizing, acts by removing an electron from O2
-

generating H2O2. In the second step, the oxidized SOD donates an electron to a
new O2

- molecule by reducing and generating an O2 molecule. This second step
regenerates the reduced form of the SOD enzyme so that the ration cycle can start
again [36] [31].
The mechanism of action of the nanoceria is similar to that just described. The
process is made self-regenerating thanks to the redox couple Ce3+ / Ce4+ acting in
a SOD-mimetic way [36].

O≠
2 + Ce3+ + 2H+ æ H2O2 + Ce4+ (Ce3+ is oxidized) (1.10)

O≠
2 + Ce4+ æ O2 + Ce3+ (Ce4+ is reduced) (1.11)

Looking at these reactions, it is clear that high amounts of Ce3+ lead to an
overproduction of many H2O2 molecules that are much more dangerous than O2

-

itself because reacting with metals through the Fenton reaction, they produce even
more dangerous reactive species [36].
Therefore, the presence of the tetravalent state of cerium on the surface of the
nanoparticle is necessary to neutralize H2O2. The reduction from Ce4+ to Ce3+

induces the oxidation of H2O2 to molecular oxygen (O2) and water as the activity
of the enzyme catalase [36].

H2O2 + 2Ce4+ + 2OH≠ æ 2H2O + O2 + 2Ce3+ (1.12)

It is therefore important that the ratio between the Ce3+ and Ce4+ ions is adequate
to avoid pro-oxidant effects due to a high Ce3+/Ce4+ ratio and give the nanoparticles
antioxidant and regenerative capabilities. It is the ability to interchange between the
Ce3+ and Ce4+ state which makes the antioxidant properties of the nanoparticles
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Figure 1.6: Schematic representation of the mechanism of action against free
radicals of the nanoceria: ROS scavenging and surface regeneration properties.
Reproduced from S.Das et al. [31]

regenerative [35][36].

Figure 1.6 shows a schematic representation of the mechanism of action against
free radicals of the nanoceria comparing it with the situation of oxidative stress
that occurs in the absence of antioxidant agents.
Since the antioxidant behaviour of the nanoceria, and thus its catalytic properties,
depend critically on the purity of the reagents, the synthesis procedure, the func-
tionalization of the NP, it is of great importance to evaluate the final application
field to choose the most suitable synthesis method to obtain nanoparticles with the
desired properties.
Cerium oxide nanoparticles, according to data in the literature [36] [38] [39], can be
synthesized through several processes including aqueous precipitation, solvothermal
methods, microemulsion, and sol-gel.
In any case, it is important to control the nucleation and growth rates, which are
the two steps of the nanoparticle crystallization process that determine the final
result of the synthesis. These two steps are controlled through the selection and
concentrations of precursors, use of stabilizing agents, solvent type, reaction dura-
tion, reaction temperature, etc. Thus, by controlling the reaction parameters, it is
possible to selectively produce cerium oxide nanoparticles with desired properties
[36].
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The size of the nanoparticles is a particularly important feature in the biomedical
field as nanoparticles have to inetract with biological components [38]. As the size
decreases, the ratio between surface and volume increases changing the catalytic
activity of nanoceria. Increasing the surface-volume ratio increases the number of
oxygen vacancies on the surface that enhance oxygen movements and therefore the
red-ox activity [38]. Smaller nanoparticles have higher Ce3+ concentrations than
those with a larger size. Consequently, it is possible to say that the antioxidant
capacity of cerium oxide nanoparticles is size-dependent [38].
Among the synthesis parameters, temperature is the one that most determines the
size of the final products. The size of the nanoparticles increases with temperature
and reaction time, in fact the synthesis of nanoparticles at high temperatures does
not allow the production of homogeneous particles [31].
The morphology of nanoparticles is quite important to satisfy the biocompatibility
requirment. In fact, nanoparticles with sharp edges can damage the membrane of
the cells with which they interact [38].
The main problem with the use of nanoceria in the field of nanomedicine is its lack
of stability in aqueous suspensions, and therefore in physiological environments,
where nanoparticles tend to form aggregates [38].
When nanoparticles aggregate their size becomes larger and therefore the surface-
to-volume ratio decreases giving the nanoparticles a lower antioxidant activity. In
addition, when administered in vivo, the formation of nanoparticle aggregates could
have side effects or even be toxic due to accumulation in organs such as the spleen
and kidneys [39].
To overcome the problem of poor stability, surfactants are widely used today as
stabilizing agents to coat nanoparticles and increase their stability in suspension.
Compared to uncoated nanoparticles, the presence of a surface coating significantly
changes the chemical composition of the surface and the surface electrostatic charge
of the nanoparticles affecting their aggregation rate [39]
A further parameter to be considered to improve the stability of the nanoceria is
the synthesis temperature. Low temperatures not only have an important effect
in determining the size of the nanoparticles but also affect the stability of the
final product. Indeed, when compared with nanoparticles synthesized at high
temperature, those at low temperatures show a lower tendency to aggregate [38].
Due to the complex chemical structure of cerium oxide nanoparticles, based on
the properties of sintered nanoparticles, beneficial effects have been observed, thus
antioxidant, but also cytotoxic and pro-oxidant effect. As mentioned above, a
high presence of the trivalent state on the surface of the nanoparticles can have
beneficial effects, thus SOD mimetic, but also harmful effects leading to excessive
production of ROS. This evidence, therefore, suggests that it is of considerable
importance to accurately characterize the newly synthesized nanoparticles [36].
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1.4.3 Cerium oxide nanoparticles applications in nanomedicine

The self-regenerating antioxidant properties of cerium oxide nanoparticles have
attracted considerable interest in the biomedical field as they represent a promising
strategy for the healing of numerous oxidative stress-related pathologies [38]. In
vitro and in vivo experiments have been performed to evaluate the tolerability
and antioxidant activity of cerium oxide nanoparticles in various ROS-related
pathologies on different cell types such as cardiac, neuronal and stem cells [37] [31].
This section lists the potential developing applications of nanoceria in the field of
nanomedicine.
As for neural cells, nanoceria is a promising protective agent that can be used to
treat neurodegenerative diseases such as Parkinson’s and Alzheimer’s, but also to
treat ischemias.
A study conducted by G.Ciofani et al. [37] on a representative model of dopaminer-
gic cells (PC12 cell line) shows improved neural differentiation with longer neurites
and increased dopamine secretion in cells treated with NC for three days. The
antioxidant capacity of the nanoceria was evaluated by comparing cells incubated
with a pro-oxidant agent and nanoceria and cells with the pro-oxidant alone. The
amount of reactive oxygen species decreases by 20% in samples treated with cerium
oxide nanoparticles, and a decreased level of basal ROS was also seen in cells not
treated with the oxidant agent. In this study, the antioxidant properties of the
nanoceria were also evaluated at the gene level where downregulation of the genes
involved in the antioxidant defences was observed perhaps to compensate for the
strong antioxidant effect due to the presence of the nanoceria [37].
Instead, a correlation between oxidative stress and adiposity was shown in a study
conduced by A.Rocca et al. [35] in which it was found that ROS, acting as cellular
messengers, are involved in the process of adipogenesis. It seems that the presence
of reactive oxygen species promotes the maturation of adipocytes although the
mechanisms by which this occurs are not yet clear.
The potential antioxidant effects of nanoceria was therefore studied to limit the dif-
ferentiation of mesenchymal stem cells into adipocytes. A good interaction between
cerium oxide nanoparticles and mesenchymal stem cells was found, demonstrated
by the high internalization of the nanoparticles. At the gene level, down-regulation
of all adipogenic genes was found in NC-treated cells compared to untreated cells.
In particular, the reduced transcription of the Creb1 gene required to induce adi-
pogenesis is significantly downregulated. This gene is activated by the presence of
reactive oxygen species, so the antioxidant activity of nanoceria seems to have a
significant effect in limiting adipogenesis. It was also found that the activity of the
main enzyme involved in the differentiation of mesenchymal cells into adipocytes
(G3PDH) is markedly reduced when the nanoceria is administered to the cells
inhibiting the adipocytes maturation. All these results confirm the antioxidant
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activity of cerium oxide nanoparticles in the prevention of adipogenesis [35].
Another application in the field of nanomedicine sees the use of cerium oxide
nanoparticles as an anti-cancer agent. In this case the pro-oxidant effects of these
nanoparticles are exploited. Z. Diacoeasa et al. [40] showed a different interaction
of nanoceria depending on the cell line used for in vitro studies. It seems that
internalization is favored in the case of tumor cells treated with nanoceria. On the
contrary, with healthy cells, the internalization seems to stop at the level of the cell
membrane. Furthermore, comparing the amount of free radicals produced after
treatment with nanoceria between tumor cells and healthy cells, an increase of free
radicals was shown only in samples with tumor cells [40].
Other promising applications of cerium oxide nanoparticles under study concern:

1. Eyes diseases where the endogenous redox-defences produce a higher percentage
of ROS.

2. In regenerative medicine where Nanoceria incorporated in scaffolds or used
directly in wound healing can promote tissue regeneration reducing the ROS
produced during cell growth and differentiation.

3. Nanoceria has also a protective activity against radiation toxicity. Radiation
is widely used for the treatment of circumscribed tumours. The problem with
this type of treatment lies in the inability to differentiate malignant from
healthy tissue, so the tissues adjacent to the tumour are damaged by radiation.

Given the potential, problems and possible negative aspects of the use of these
nanoparticles as antioxidant agents in the field of nanomedicine, this thesis work
aims to investigate whether this type of nanoparticles can guarantee the mainte-
nance of conditions/performance of muscle tissue in conditions of muscle discharge,
such as weightlessness.
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Chapter 2

Aim of the project

In the literature, changes in gravity conditions are known to be associated with
increased production of reactive oxygen species within muscle tissue [2] [3] [4] which
motivates the elaboration of antioxidant countermeasures of compelling need in
order to enable long-term human permanence in altered gravity condition.
Therefore, this thesis project was carried out with two main objectives: the evalua-
tion of the interaction between cerium oxide nanoparticles and muscle cells under
simulated microgravity conditions and then the assessment of the magnitude of
oxidative stress induced by simulated microgravity to investigate the potential
antioxidant effect of nanoceria.
The first objective consisted into the elucidation of the interaction between cerium
oxide nanoparticles and muscle cells in simulated microgravity conditions. To
the purpose, cerium oxide nanoparticles were synthesized and characterized by
using different techniques, including DLS, XPS, TGA and TEM. In particular,
the antioxidant property of the nanoceria was evaluated through a direct and
an indirect method. The direct method was based on a colorimetric assay and
photometry for expression of the antioxidant capacity of cerium oxide nanoparticles
in terms of an analogue of Vitamin E, as a reference antioxidant. The indirect
method involved cell culture. The antioxidant capacity was assessed directly on
the cells, maintained at normal gravity, after the administration of a pro-oxidant
stimulus.
The internalization of the nanoparticles was evaluated after checking that the
induced stimulus and the chosen experimental setup were suitable for cell survival.
A cell viability test was then performed, both on cells treated with nanoceria and
not, after 48 hours of exposure to simulated microgravity.
Finally, the interaction between the cells and the material was evaluated both by
confocal microscopy and by spectroscopy analysis.
The second objective of this project was to investigate whether the nanoceria can
reduce or prevent the oxidative stress induced by the stimulus imposed by the
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random positioning machine (RPM). Therefore, once the internalization of the
nanoparticles in simulated microgravity was confirmed, several experiments were
carried out to evaluate the extent of the oxidative stress induced by the simulated
microgravity and to evaluate the antioxidant capacity of nanoceria.

33



Chapter 3

Materials and Methods

This chapter reports on all the reagents, materials, methodologies and instruments
used to carry out the project. All the techniques adopted for the synthesis and
characterization of cerium oxide nanoparticles, the cell culture techniques, the
microgravity experimental setup (i.e., the tools to simulate weightlessness), and
the experiment performed are described. The chapter also presents a description
of experiments performed to investigate the interaction between cerium oxide
nanoparticles and muscle cells in microgravity.

3.1 Materials

3.1.1 Chemicals
The reagents used in the synthesis of cerium oxide nanoparticles (NC) are ethy-
lene glycol (Fluka analytical, 99.5%), ammonium hydroxide solution (Carlo Erba
Reagents, 30% ammonia solution), cerium (III) nitrate hexahydrate (Ce(NO3)3 ú
6HO) (Sigma-Aldrich). Nanoparticle stabilization in aqueous medium was con-
ducted with fetal bovine serum-FBS (Gibco).
The reagents used to determine the antioxidant capacity of the nanoceria are part
of the ‘Total antioxidant Capacity Assay kit’ (MAK187, Sigma-Aldrich) which
contains: Cu2+ solution (MAK187A, Sigma-Aldrich), assay-diluent (MAK187B,
Sigma-Aldrich) and Trolox Standard (MAK187D, 1uM, Sigma-Aldrich). To prepare
the Trolox standard solution Dimethyl sulfoxide-DMSO was used.
Polydopamine nanoparticles were synthesized in the IIT lab by another group as
indicated in their work [41].
To compare the antioxidant capacity of NC with natural antioxidants, ascorbic acid,
curcumin and resveratrol (Sigma-Aldrich) were used to prepare aqueous solutions.
Cells were cultured in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM)

34



Materials and Methods

(Gibco, 4.5 g glucose) enriched with 10% fetal bovine serum (FBS), 1% penicillin
and streptomycin (PS) (Gibco, Pen-Strep) and 1% sodium pyruvate (Gibco).
To fabricate the cell culture chambers suitable to 3D clinorotation, a Versalaser
(Universal laser system -TBH ), polydimethylsiloxane (PDMS) (SYLGARD 184-
DOWSYL), and CorelDRAW software were used.
To process cells, a Dulbecco’s Phosphate Buffered Saline (PBS), (Gibco) solution
with and also without Calcium and magnesium was used.
To perform cytotoxicity tests and evaluate the percentage of nucleic acids present
in the samples, the PicoGreen assay was used.
Tert-butylhydroperoxide-TBH (7.7 M ) was used as a pro-oxidant agent.
CellROX Green Flow cytometry assay kit (ThermoFisher Scientific) was used to
assess the extent of oxidative stress in live cells.

3.1.2 Cell lines
The immortalized cell line of murine myoblasts (C2C12 cell line) and primary
human skeletal myoblasts (HSkM) were used for in vitro studies as skeletal muscle
models.

3.1.3 Instruments
For cerium oxide nanoparticles synthesis, a magnetic stirrer equipped of a thermal
couple for temperature control was used.
For nanoparticles characterization, Zeta-Sizer Nano (Malvern Instruments, Malvern)
was used to measure nanoparticles size and z-potential.
To measure the absorbance peak in the antioxidant assay, a spectrophotometer
(Victor3, PerkinElmer) was used.
To simulate the microgravity condition a random positioning machine (RPM)
(Airbus) was used.
For flow cytometry analysis, the CytoFLEX (Beckman Coulter) flow cytometer
was used.

3.1.4 Materials
Petri dishes were used to propagate cell cultures and to obtain the cell adhesion
surface to be inserted into the homemade circular culture chambers.
Thermanox slides treated for cell culture were used to cover the bottom of the
homemade PDMS cell culture chambers.
PCR films (BIORAD) were used to seal off the homemade PDMS cell culture
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chambers.

3.2 Synthesis of cerium oxide nanoparticles
This section describes the process adopted for the synthesis of cerium oxide nanopar-
ticles (nanoceria, NC) and the coating strategy used to improve the stability of the
nanoparticles in the solution.

Several methods to synthesize cerium oxide nanoparticles are reported in the
literature, such as electro-thermal, microemulsion, hydrothermal etc [36] [38] [39].
In general, a soluble precursor of cerium, containing the Ce3+ ion, oxidizes to
cerium oxide (CeO2), containing the Ce4+ ion.
In this work, cerium oxide nanoparticles were synthesized by direct precipitation.
Chemical precipitation is commonly used as a method for producing nanoparticles
[39]. The precipitation of solid nanoparticles occurs as a product of the reaction
between the cerium precursor salt and a base.
Ethylene glycol was used as a synthesis cofactor in the NC synthesis. It has the
advantage of increasing the solubility of inorganic salts and is therefore used to
control the homogeneity of the reaction.
The direct precipitation synthesis process was adapted from the literature (Caputo
et al. [39]). This process was conducted as described in the following:

1. 7.8 ml of ethylene glycol (99.5 %) was mixed with 92 ml of deionized water
(MQ water) in a round-bottomed flask placed on a magnetic stirrer to maintain
the reaction temperature at 50 °C.

2. Once the reaction temperature was reached, 5.16 g of Cerium(III) nitrate
hexahydrate (Ce(NO3)3 · 6H2O) were added to the solution.

3. Direct precipitation of ceria salts was induced using ammonia as a strong base:
4.7 ml of ammonia solution (30%) were added dropwise to the reaction while
maintaining agitation between 200 and 300 rpm for 1 hour. Earlier ammonia
addition provokes a change in color towards yellow. At the end of the reaction
time, the color of the reaction product was light grey.

4. Three washing cycles were then carried out with ultrapure water by cen-
trifugation until a neutral pH was reached in the supernatant. To promote
nanoparticle precipitation, centrifugation was performed for 20 minutes at
7983 RCF at low temperature (4°C).

As mentioned in the previous chapter (1.4.2), the temperature is the synthesis
parameter that mostly influences the antioxidant properties of the final product.

36



Materials and Methods

To investigate the influence of this parameter the synthesis of nanoceria was carried
out both at 50 °C and 80 °C.
The obtained cerium oxide nanoparticles were freeze-dried overnight, weighed with
precision balance and subsequently resuspended by sonication (8 W, with a Ban-
delin tip sonicator) in ultrapure water at a concentration of 10 mg/ml for 2 min.
The obtained nanoparticle dispersion was stored at +4°C until use.

H2O

Ce(NO3)36H2O NH3

50 °C

1 h stirring 4 rinses in ultrapure
water by centrifugation
at 8,000 g for 10 min

Overnight freeze-
drying

1 h incubation with fetal bovine serum-
FBS

NC resuspension in:
• 50% QM water 
• 50% FBS 

FBSNC

50 °C 50 °C

C2H6O2

Figure 3.1: Schematic representation of the synthesis and coating process of
cerium oxide nanoparticles by direct precipitation using ethylene glycol as reaction
cofactor.

As mentioned in the previous chapter (1.4.2), cerium oxide nanoparticles in
water solution undergo undesired aggregation and precipitation. To prevent this,
nanoparticle dispersion was stabilized by 30 min incubation with FBS under mild
shaking (100 rpm). This incubation ensured that the proteins contained in the
serum were adsorbed on the surface of the nanoparticle.

3.3 Nanoparticle characterization
This section deals with the characterization performed on cerium oxide nanoparti-
cles.
Characterization of the nanoparticles was performed by the techniques described in
the Appendix A. Size and Z-potential value were evaluated by using dynamic light
scattering, whereas the chemical composition was evaluated by using X-ray photo-
electron spectroscopy. Characterization was performed both on IIT-synthesized
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nanoparticles and on commercial nanoparticles (Sigma-Aldrich) for comparison.

3.3.1 Transmission electron microscopy (TEM)
At the end of the synthesis process, nanoparticles were imaged by TEM with the
support of the IIT Electron Microscopy Facility in Genoa.
TEM imaging was conducted on 1 µM nanoceria dispersions in different aqueous
media:

1. Uncoated NC dispersed in ultrapure water.

2. FBS-coated NC dispersed in ultrapure water.

3. FBS-coated NC dispersed in ultrapure water added with 10% FBS.

3.3.2 X-Ray Diffraction (XRD), X-Ray Photoelectron Spec-
troscopy (XPS) and Thermogravimetric Analysis (TGA)

Nanoceria samples underwent extensive characterization in terms of chemistry,
crystallinity and thermal analysis with the support of the IIT Materials Character-
ization Facility in Genoa. To the purpose, 1 mg of freeze-dried nanoparticles (both
uncoated and FBS-coated) were prepared.
Chemical composition was assessed with XRD and XPS analyses on uncoated
particles. Thermal analysis was conducted on both uncoated and FBS-coated
nanoparticles with TGA.
XRD analysis was performed with a Rigaku SmartLab X-ray diffractometer. Diffrac-
tion patterns were collected in Bragg-Brentano geometry over an angular range
(2theta) between 20°and 100°, with a step size of 0.02° and 0.05°. Measurements
were conducted at room temperature, using a zero-diffraction silicon substrate.
XPS analysis was performed with a KratosAxisUltraDLD spectrometer (Kratos
Analytical Ltd.) using a monochromatic Al K source (h = 1,486.6 eV) operated
at 20mA and 15kV. Wide scans were performed with a pass-energy of 160 eV and
energy step of 1 eV, while narrow scans were conducted with a pass-energy of 10
eV and energy step of 0.1 eV. The Kratos charge neutralizer system was used for
all measurements. Spectra were analyzed with CasaXPS software (Casa Software,
Ltd., version 2.3.22).
TGA analysis was conducted with a TA instruments Q500 thermogravimetric
analyser under a nitrogen flux with a 50 ml/min flow rate. The samples were
analyzed by equilibrating the temperature at 30°C for 5 min to stabilize the weight
and then heating ramps of 5 °C/min up to a maximum temperature of 1000 °C
were performed. For the analysis, 5.84 mg of nanoceria were used.
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3.3.3 Size and Zeta Potential measurements
This section describes the characterization performed with Zeta-Sizer Nano (Malvern
Instruments, Malvern) by measuring the hydrodynamic diameter, the polydispersion
index (PDI) and the zeta potential by dynamic measurement of light scattering
(DLS).
Measurements were performed at physiological temperature (37 °C) and an NC
concentration of 100 µg/ml for all samples.
The evaluation of the size distribution was carried out under the conditions listed
below:

1. Uncoated nanoparticles in ultrapure water (MilliQ).

2. Coated Nanoparticles suspended in MilliQ water.

3. Coated nanoparticles suspended in MilliQ water enriched with 10% FBS.

4. Coated nanoparticles suspended in DMEM cell culture medium enriched with
10% FBS.

The same dispersions were used for the measurement of the Z potential, except
for the last one. The rich composition of conductive species of dispersion 4 indeed
hindered a correct measurement of nanoparticle surface charge.
For all the listed conditions, the measurement of the size of the nanoparticles was
performed on 1.5 ml samples in cuvettes for the DLS analysis. For each sample,
the instrument was set to perform four readings and each reading was composed
by an automatic number of runs based on the goodness of the sample.
Zeta potential measurements were conducted with 0.7 ml samples positioned in
special electrode-provided cuvettes enabling the quantification of the difference in
potential between the nanoparticle surface and their liquid dispersant. In this case,
three runs of measurements were performed, each one with at least 10 readings.
The long-term colloidal stability of cerium oxide nanoparticle dispersions was also
evaluated. To the purpose, measurements were done every two days for two weeks
on both nanoparticles maintained at normal gravity and in microgravity. In both
cases, the cuvettes were fully filled with nanoparticle dispersions and were sealed
to prevent medium oxidation, in order to precisely to mimic the experimental
conditions applied to cell cultures during spaceflight.

3.4 Total antioxidant capacity
Nanoceria antioxidant capacity was quantified photometrically by using a colori-
metric test relying on Cu2+ ion reduction. To the purpose, the Total Antioxidant
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Capacity Assay kit MAK187 from Sigma-Aldrich was used. This assay provides
the antioxidant capacity of the substance tested in Trolox equivalents (number of
moles, n.mol). Trolox is a vitamin E analogue and is used in this assay as a control
condition.
A standard curve was obtained by preparation of a 1 mM Trolox solution in 20 µl
of DMSO and 980 µl of ultrapure water and following dilutions as recommended
by the manufactures. To obtain the standard curve, 0, 10 and 20 µl of 1mM
Trolox standard were diluted with ultrapure water up to a volume of 100 µl. A
working copper solution was prepared by performing a 1:50 v/v dilution of the
Cu2+-containing stock with the provided Assay Diluent.
The antioxidant capacity was investigated for:

1. 10 mg NC IIT synthesized at 80 °C

2. 1 and 5 mg NC IIT synthesized at 50 °C

3. 10 mg NCsigma (Sigma-Aldrich)

4. 10 µg of polydopamine nanoparticles synthesized in the IIT lab by another
group.

5. 2 mg of natural antioxidants: Ascorbic Acid, Curcumin and Resveratrol.

Each sample (standard, nanoparticles and soluble antioxidants) was incubated with
100 µl of the copper working solution for 90 min at room temperature in the dark.
At the end of the incubation time, samples were centrifuged in order to precipitate
nanoparticles that could interfere with absorbance reading with a Victor X3 pho-
tometer, and supernatant were collected and underwent absorbance measurement
at 570 nm. Each sample was assayed at least in duplicate.

3.5 Microgravity simulation: experimental set-
up

This section describes the experimental setup to study the interaction between cells
and nanoparticles under mechanical unloading. A random positioning machine -
RPM (Airbus) was used as a platform to simulate microgravity by 3D clinorotation.
As shown in the Figure 3.2, the instrument core consists into two frames capable

of rotating independently at different speeds and in different directions to simulate
microgravity. The inner frame presents a central plate working as a sample holder.
A controller and a laptop computer equipped with a dedicated software complete
the setup.
Correct positioning of the samples on the central plate is critical to the prevention
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Figure 3.2: Random positioning machine - RPM (Airbus RPM2.0).

of the generation of undesired acceleration loads. The latter depend on the rotation
speeds of the two frames, as well as on the position of the sample in space and
time. Based on the RPM features, a clinorotation of constant speed up to 30
deg/s is expected to generate negligible centrifugal accelerations within a sphere
of 22 mm radius, placed at the center of rotation of the two RPM frames. This
geometrical parameter significantly limited the number of samples that could be
positioned on the sample holder of the RPM inner frame. 3D clinorotation imposed

Figure 3.3: Schematic representation of the design of the mold for silicone cell
culture vessels for simulated microgravity studies.
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the fabrication of cell culture vessels to be fully sealed in order to prevent 1) liquid
spills and 2) air bubble trapping, that could impart noxious shear stresses on the
cultures. To satisfy these requirements, a fast prototyping method leveraging on
laser cutting with a VersaLaser TBH cutter (50 W) was used, Laser cutting (100%
power, 1.5% speed) was applied to the fabrication of molds for silicone casting.
Molds were designed with CorelDRAW software, and they were obtained by cutting
Plexiglas pieces of desired shape (22 x 11 x 5 mm parallelepipeds, or cilinders with
22 mm radius and 5 mm height) and by properly anchoring them to plastic Petri
dishes (Figure 3.3).
Cell culture vessels were then obtained by casting polydimethylsiloxane-PDMS
(silicone base mixed with curing agent with 20:1 w/w ratio) on the molds of the
desired geometry (mono-or multi-compartimentalized), and by promoting cross-
linking for 1 h at 60°C. The same fabrication method was also applied to prepare
vessels for static cell culture, suitable to biocompatibility studies.
Cell culture vessels were sterilized by exposure to UV rays for 20 min, and then
were filled with polymeric substrates, that is Thermanox rectangular slides or
polystyrene circular substrates obtained by laser cutting of tissue culture Petri
dishes.
After cell seeding and complete filling of the cell culture vessels with cell culture
medium (see also the next section), the vessels were sealed with the adhesive PCR
film (BIORAD) taking care not to leave any air bubbles inside.
The vessels intended for exposure to simulated microgravity were then placed on
the RPM, positioned in an incubator set at 37°C, at the centre of the inner frame
and anchored with a normal paper adhesive tape. An equal number of samples
were used as controls and maintained under the same conditions (wells filled with
medium and sealed) at normal gravity.
From now on, for convenience, the abbreviation s ≠ µg will be used to refer to the
simulated microgravity condition, and 1g to indicate the normal gravity control
condition.

3.6 Cell culture
To investigate the interaction between cells and nanoceria in the simulated micro-
gravity regime with the RPM, two cell typologies were used: the immortalized cell
line of murine myoblasts (C2C12 cell line) and primary human skeletal myoblasts
(HSkM).
C2C12 cells were cultured in proliferative DMEM medium with high glucose content
(4.5 g/l) containing 10% FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, and
100 U/ml penicillin-100 µg/ml streptomycin.
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HSkM cells were cultured in low glucose (1 g/l) phenol red-free DMEM proliferative
medium containing 10% FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, and 100
U/ml penicillin-100 µg/ml streptomycin.
Cell cultures under regular proliferative conditions were incubated at 37 ° C under
5% CO2 atmosphere in Petri dishes or 75 cm2 culture flasks.
For clinorotation experiments, a cell culture medium added with 25 mM HEPES
was used for pH buffering in the absence of carbon dioxide. Nanoceria dispersions in
complete medium were obtained by taking into consideration a 10%FBS carry-over
due to the nanoparticle coating.

3.6.1 Cell sub-culture and freezing
Subcultures were obtained by resuspension of cells and subsequent seeding at a
desired cell density with the following procedure. The same procedure was applied
for the preparation of aliquots of cells for long-term refrigerated storage (freezing).
To harvest the cells in culture, the exhausted culture medium was removed from
the Petri dish and a rinse was performed with calcium-free and magnesium-free
phosphate buffered saline-PBS to remove any traces of serum that could hinder
activity of the enzyme necessary to cell resuspension. 2 ml of trypsin were then
added to each Petri dish and kept in the incubator at 37 ° C for 2 minutes to promote
enzyme action and cells detachment from the substrate. To deactivate trypsin and
remove cells from the Petri, 10 ml of fresh medium were added. Then, the cell
suspension was removed from the Petri dish and centrifuged for 5 minutes at 2500
rpm (600 g) in a 15 ml tube. The supernatant obtained following centrifugation
was removed and the cell pellet was resuspended in 1 ml of fresh medium. Cells
were thus subcultured by distribution into higher number of cell culture containers,
or processed for freezing at -20°C.
Cell freezing was conducted by mixing 50 µl of DMSO for cryoprotection, 450 µl of
the obtained cell suspension and 500 µl of FBS in a 2 ml cryotube, and by stowing
the cryotube in a -80 °C freezer. For longer term cryiopreservation, cultures were
stored in liquid nitrogen vapors.
Cell subculture for experiments with nanoparticles or under simulated microgravity
was performed by cell counting in order to achieve a desired cell density on the
substrates. C2C12 counting was performed with an automatic counter (Millipore
Scepter) equipped with a 60 µm cut-off count probe. The cell suspension was
diluted (usually 1: 100 or 1: 1000) in a culture medium without phenol red in
order not to interfere with the reading by the probe. The detected cell number was
multiplied by the dilution factor used to obtain the number of cells contained in 1
ml. The volume necessary to seed a certain cell number was obtained by a simple
proportion with the obtained total number of cells/ml.
Automated cell counting could not be performed with HSkM due to the larger size
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than the probe cut-off. In this case, count was performed with a Burker chamber.
10 µl of the cell suspension obtained by pellet resuspension were infiltrated under
the appropriate slide on the Burker chamber. At the optical microscope, the Burker
chamber shows an incised square grid, made up of 9 smaller squares, each one
containing 16 square regions useful to cell counting. Cell number can be obtained
by visually counting cells present in at least 4 of the smaller squares. The number
of cells per ml is then obtained by multiplying the average of the counted values
with a factor of 40000.
Cell seeding was performed on substrates conditioned with cell culture medium by
incubation at 37°C for at least 1 h and replenished with fresh cell culture medium
(500 µl of fresh medium in rectangular wells, and 6 ml for the circular ones). A
typical volume of 200 µl and 1 ml of cell suspension was used for cell seeding
depending on the size of the substrate. Experiments with nanoparticles and under
simulated microgravity were typically performed at 12-24 h from cell seeding, by
providing the cultures with HEPES-added medium.

3.7 Cytotoxicity tests on C2C12 cell line
In order to identify the safest concentration of nanoceria to be used for internal-
ization studies, five different concentrations were tested on cells maintained both
in normal gravity and under simulated microgravity by clinorotation at 20 deg/s.
The following concentrations of nanoceria were tested: 0, 100, 200, 500, 1000, 2000
µg/ml.
Cells were seeded at a density of 5,000 cells/cm2 on Thermanox slides positioned
at the bottom of PDMS vessels.
Nanoparticle administration and simulated microgravity effects were qualitatively
assessed with an optical microscope in phase contrast mode at 24 h. Through the
visual analysis on the appearance of the cells, 100 and 200 µg/ml NC concentrations
were selected for following quantitative analysis.
For the second experiment, cells were seeded at the same density and the rotation
speed of the RPM was set on the same value. This time the effects of microgravity
exposure were analyzed after 72 hours of exposition. In these experiments, both
commercial nanoceria and the nanoceria we synthesized (NC IIT).
After 72 hours, the cells were processed and prepared for the Picogreen assay to
assess the number of nucleic acids present in the samples.

3.7.1 Pico-Green assay
This paragraph describes the procedure used to evaluate the nucleic acid content of
the samples after exposure to simulated microgravity. The nucleic acid content of
the samples was measured by using the PicoGreen kit following the manufacturer’s
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instructions. A fluorescent dye binds selectively to the nucleic acids of the lysed
cells. It is, therefore, possible to determine the number of cells present in the
analyzed sample by measuring fluorescence intensity with a spectrophotometer
(Victor3, PerkinElmer). An excitation wavelength of 485 nm was used to measure
fluorescence. Based on the detected fluorescein intensity, and through a calibration
curve obtained from samples with a pre-determined number of cells, it was possible
to determine the number of cells present in the sample of interest.
After 72 hours of exposure to simulated microgravity on the RPM, cells were
trypsinized, centrifuged centrifuged at 12,000 g for 5 min, and the pellet was lysed
in ultrapure water by three cycles of freezing-thawing. disrupt nuclei and to enable
nucleic acid staining.
The calibration curve was obtained by measuring the fluorescence of three samples
with known cell numbers (10,000, 30,000 and 60,000 cells). Once the samples were
lysed, a 96-well black plate was loaded with the amounts of reagents as described
in the manufacturer’s instructions. Once the plate was loaded with 50 µl of buffer
solution, 25 µl of cell lysate and 75 µl of Picogreen reagent. Picogreen reagent was
added to each well using a multiple-precision pipette.
Samples were thus incubated for 10 min by shaking at 160 rmp (protected from
light) prior to fluorescence reading. This analysis allowed the choice of the most
appropriate concentration of nanoceria to perform the following internalization
experiments .

3.8 Evaluation of oxidative stress extent in cells
This paragraph describes the experiments performed to assess the extent of oxidative
stress in muscle cells. Exploratory experiments were conducted with mouse C2C12
cells maintained at normal gravity and by staining cultures with CellROX Green
dye. The latter can have toxic effects on the cultures, and therefore may determine
overestimation of the percentage of stressed cells. First, oxidative stress evidences
were collected by incubating cells with increasing concentrations of CellROX Green
dye. Then, oxidative stress was induced with a pro-oxidant agent and cell staining
with CellROX Green dye. The percentage of cells positive to staining was assessed
by flow cytometry. Later on, experiments were conducted to quantify the extent
of RPM-induced oxidative stress. Focus of this investigation was on primary
cells, human skeletal myoblasts, for their relevance to NC application in human
spaceflight.

3.8.1 Flow Cytometry
Flow cytometry is a technique that allows analysis of cells in suspension.
A flow cytometer can simultaneously measure some morphological parameters of
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single cells deriving from the interaction with a laser beam.The scattered and/or
fluorescent light signals deriving from the interaction with the cells are read by
detectors (photodiodes or photomultiplier tubes) and converted into electronic
signals which are analyzed by special software. Through a constant flow, the
instrument aligns cells in a row and brings them to the counting chamber where
they will be analyzed. Every single cell analyzed is considered as an "event". The
analysis provides both information on the dimensions and on the morphological
(e.g. roughness) and internal characteristics of the cells based on how the light is
scattered. The size of the cells derives from the measurement of the scattering of
visible light coming from the frontal direction (therefore called Forward Scatter or
FSC); instead, the internal roughness of the cell derives from the measurement at
90 ° (Side Scatter or SSC). The fluorescence parameter allows to obtain additional
information and it is measured after cell staining thanks to a directly proportional
relationship between the quantity of fluorochrome and the intensity of the emitted
fluorescence.
In this project flow cytometry analysis was performed to investigate oxidative
stress in cell cultures. CellROX Green Flow cytometry assay kit was used to assess
the presence of oxidative stress in live cells. CellROX is a fluorogenic probe that
oxidizes in the presence of reactive oxygen species.
To perform flow cytometry analysis the following procedure was followed for all
the completed experiments.

1. The exhaust medium was removed from the wells of the culture chambers and
a rinse was performed with PBS free of calcium and magnesium.

2. 300 µl or 1ml of trypsin for the rectangular wells and the bigger circular wells
were used respectively. Cells were incubated under trypsin for 3 minutes.

3. Resuspended cells were centrifuged for 5 min at 700 g by setting a low
temperature (4°C).

4. Once the supernatant was removed, cells were resuspended in PBS enriched
with calcium and magnesium.

5. 100 µl were used as a control to assess baseline fluorescence with the flow
cytometer.

Staining with CellROX at different concentrations was performed by suitable
dilutions of the 2.5 mM.stock in PBS with Ca2+ and Mg2+, and by incubating
cells with the staining solution for 15 min in the dark.
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3.8.2 Assessment of cells oxidative stress level: C2C12 cell
line

To evaluate the behavior of muscle cells in response to a pro-oxidant stimulus and
assess the potential beneficial effect of nanoceria, two experiments were conducted
in normal gravity with C2C12 cells. The oxidative stimulus was provided using
a pro-oxidant agent, tert-butyl hydroperoxide (TBH). The hypothesis underlying
these experiments concerns the ability of cerium oxide nanoparticles to decrease
oxidative stress.
To validate this hypothesis, C2C12 cells were seeded at a density of 20,000 cells/cm2

in a proliferative medium added with 25 mM HEPES and after 24 hours of adhesion,
they were exposed to increasing concentrations of TBH, without gas exchange with
the environment (cultures sealed with film as described in section 3.5).
TBH concentrations were: 0, 10, 50,100, 1000 µM and were obtained by proper
dilution of the 7.7 M stock solution.
Flow cytometry analysis by staining cells with CellROX Green was performed at
three different observation times (1h, 6h and 24h) to evaluate the percentage of
CellROX Green-positive cells. With this preliminary experiment, it was possible to
choose the concentration of TBH more suitable to induce oxidative stress over 24 h
of observation.
In the second experiment, three different concentrations of nanoceria were consid-
ered: 0 ug/ml (control condition), 100 and 200 µg/ml.
In a second experiment, three different concentrations of nanoceria in complete
proliferative medium were considered: 0 µg/ml (control condition), 100 and 200
µg/ml.
The test was performed both on cells not treated with TBH to verify the absence
of pro-oxidant effects induced by the administration of the nanoceria, and on cells
treated with the selected TBH concentration to verify the antioxidant effects of
the nanoparticles. Nanoparticles were administered at 24 h from cell seeding and
the pro-oxidant stimulus was applied at 24 h from NC administration.
These experiments were performed with 18 well- homemade cell culture plates.

3.8.3 Assessment of cells oxidative stress level: HSkM cell
line

Based on the results achieved with mouse myoblasts, experiments were also per-
formed with human myoblasts under simulated microgravity.
The goal of these experiments was to find the right combination of cell density,
RPM rotation speed, and observation times to be able to induce a significant level
of oxidative stress on cells without causing cell apoptosis.
Flow cytometry analysis by staining cells with CellROX Green was performed

47



Materials and Methods

at three different time points (1 h, 6 h and 24 h) to evaluate the percentage of
CellROX Green-positive cells.
The following constant rotation speeds were tested: 20, 25 and 30 deg/s. Then,
random speed mode (8-20 deg/s, 5 s shift) was also explored in an attempt at
improving nanoparticle internalization. This mode imparts different speeds to the
two RPM frames. A total of 4 different conditions were tested to find the most
suitable condition to induce a significant level of oxidative stress.

3.9 Study of interaction between muscle cells and
Nanoceria in simulated microgravity

This section deals with the evaluation of the interaction between muscle cells and
nanoceria. To the purpose, three different techniques were applied.
Inductively coupled plasma-optical emission spectrometry (ICP-OES) was used as
a quantitative analysis to evaluate the amount of internalized nanoparticles. With
the same aim, flow cytometry was performed. For qualitative analysis, cells were
stained by cytochemistry and underwent confocal microscopy imaging.
For each test performed, four experimental conditions were evaluated: samples
in normal gravity with and without administration of nanoceria, and samples in
microgravity always with and without administration of nanoceria.

3.9.1 Inductively coupled plasma-optical emission spectrom-
etry (ICP-OES)

To quantitatively assess the extent of nanoparticle internalization, ICP-OES was
performed at the IIT Materials Characterization facility on samples obtained
after clinorotation in two different regimes. At the end of the experiments, the
cells were harvested and pelleted, and the pellet was frozen and shipped for analysis.

The experiment was conducted in large, monocompartment PDMS cell culturing
vessels (3 cm radius, 4 mm height) to ensure collection of at least 280,000 cells
for ICP-OES analyses and for minimization of cell culture medium volume in
comparison to traditional flasks for cell culture, that should be completely filled
to prevent shear stresses to act on cells. A cell culture volume of 13 ml was used
during the experiment described in the following.
A total of 12 plates were used to perform this experiment, three for each experimental
condition. The experimental conditions are four:

1. Samples not treated with nanoceria, kept at normal gravity.

2. Samples not treated with nanoceria, exposed to simulated microgravity.
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3. Samples treated with nanoceria, kept at normal gravity.

4. Samples treated with nanoceria, exposed to simulated microgravity.

The experiment was conducted with C2C12 cells seeded at a density of 10,000
cells/cm2.
Nanoceria was administered at 24 hours from seeding at a concentration of 100
µg/ml.
After cell culture medium replacement, the cultures were sealed and placed in the
incubator (normal gravity condition) and on the RPM (simulated microgravity
condition) for a 48 h incubation. This experiment was performed twice.

3.9.2 Flow Cytometry to evaluate NPs internalization
A preliminary quantitative assessment of nanoparticle internalization was coduced.
In this case, the technique of cytofluorimetry was used to assess nanoparticle
internalization. As explained in section 3.8.1, the flow cytometer can simultane-
ously measure several morphological parameters of individual cells resulting from
interaction with a laser beam. The analysis provides both information on the size
and morphological (e.g., roughness) and internal characteristics of the cells based
on how the light is distributed after the interaction.
In this case, no staining was performed, but a scattering threshold was set to be
able to intercept the cells that internalized the nanoceria.

3.9.3 Cytochemistry
To perform confocal microscopy imaging, cell samples underwent a staining process
consisting of 5 steps: cells fixation, permeabilization, saturation of aspecific sites of
interaction with fluorophore carriers, staining with fluorophore carriers and final
washing.
Before cell fixation, Thermanox slides with cells attached were placed in 6-well
plates and washed twice with PBS with calcium and magnesium to remove traces
of serum.
Paraformaldehyde (4% solution in PBS) was used as a fixative. Fixatives act on
the protruding amine groups creating stable bridges. Fixation was conducted with
1.5 ml of cold fixative at 4°C for 20 min.
After this incubation time, the fixative was removed through two washes with PBS
with calcium and magnesium. A solution of 0.1% Triton in PBS was then added to
open pores on the cell membrane and facilitate interaction with the fluorophore
carriers. Incubation was performed for 15 min.
Saturation was performed to maximize the signal-to-noise ratio, thus maximizing
specific fluorescein and minimizing background fluorescence. A 10% goat serum in
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PBS solution (1.5 ml) was used for 1h saturation.
To mark the cytoskeleton, fluorophore-conjugated phalloidin was used. Phalloidin
is a bicyclic peptide belonging to a family of toxins isolated from fungi. Phalloidin
selectively binds with high affinity to F-actin. The utilized phalloidin is labelled
with Alexa Fluor 488 fluorophores (AF488, ThermoFisher Scientific).
Diamidino-2-phenylindole (DAPI) was used to mark cell nuclei due to its high
selectivity for DNA. A staining solution was then prepared with 10% goat serum
in PBS, with phalloidin and DAPI diluted 1:100. 1.5 ml of staining solution was
added to each well and the samples were incubated for 45 min in the dark.
At the end of the incubation, two final washes with PBS with calcium and magne-
sium were performed, and the samples were provided with fresh PBS for storage at
4°C until imaging at the confocal microscope.
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Chapter 4

Results and Discussions

This chapter reports and discusses the results obtained in the experiments per-
formed for this experimental thesis. The chapter begins with the results related
to the characterization of cerium oxide nanoparticles and the evaluation of their
antioxidant capabilities. Then, the results obtained in preliminary experiments
aimed at evaluating nanoceria cytocompatibility and at establishing the most
suitable concentration for administration for following experiments are described.
The results concerning the study of the interaction of nanoceria with skeletal
muscle cells are reported upon application of 3D clinorotation in order to simulate
microgravity by a random positioning machine (RPM). The results of test aiming at
assessing possible oxidative stress imposed by clinorotation to two skeletal muscle
cell models are finally reported.

4.1 Nanoceria characterization
This first section reports all the results collected by nanoparticles characterization,
which was carried out both on nanoparticles synthesized in the IIT laboratory
(thereafter termed NC IIT) and on commercial nanoparticles (thereafter termed
NC Sigma), considered as controls since used in past experimental activities at IIT.

4.1.1 TEM imaging
Figure 4.1 shows TEM images of uncoated and coated IIT nanoceria samples.
Imaging was performed on 1 mM NC dispersions. The top panel refers to the
uncoated IIT samples, whereas the one to the coated nanoparticles, dispersed in
10% fetal bovine serum (FBS) dilution in ultrapure water. Both images show
nanoparticles with average size of 8 nm, rough surface and moderate aggregation.
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NC IIT
Uncoated

NC IIT
Coated

Figure 4.1: Images from Transmission electron microscopy at two different mag-
nifications. Uncoated NPs are reported in the three images on the top, and coated
NPs on the bottom.

4.1.2 X-Ray Photoelectron Spectroscopy (XPS)
In this paragraph, the results obtained through the X-ray Photoelectron Spec-
troscopy (XPS) characterization technique regarding the chemical composition of
cerium oxide nanoparticles are reported and discussed.

The wide scans (with binding energies from 0 to 1000 eV) confirmed the expected
chemical composition of both NC IIT and NCsigma samples. The obtained spectra
are reported in Figure 4.2, and show a characteristic peak attributable to Ce3d at
about 883 eV in the spectrum for the IIT sample (shown in blue) and at about 882
eV in the commercial one (shown in red).
The main differences between IIT NC and Sigma NC consist into the occurrence of
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Figure 4.2: Wide scans obtained by XPS technique.

NC IIT Position (eV) A% NC Sigma Position (eV) A%
O 1s 530 62.9 O 1s 592.3 63.3
C 1s 285.0 11.9 C 1s 284.3 16.6

Ce 3d 883.0 19.0 Ce 3d 882.3 19.5
N 1s 407.0 7.2 In 3d 444.3 0.6

Table 4.1: Atomic percentages and peacks’ positions detected via XPS

the N1s peak at approx. 407 eV in the IIT sample and the presence of In 3d peak
at approx. 444 eV in the NCsigma sample, respectively ascribable to synthesis
reagents and to the substrate used for the analysis. Besides these differences, the
two spectra are very similar.
Peak positions and atomic percentages are shown in Table 4.1.

It is known from the literature ([36]) that the ratio of Ce3+/Ce4+ sites on the
nanoparticle surface greatly influences the enzymatic antioxidant activity of the
nanoceria. In general, nanoparticles with high amounts of the trivalent state of
Cerium, ranging from 40% to 60%, appear to have enzymatic antioxidant activity
more similar to that one of Superoxide Dismutase (SOD). On the other hand, NC
with high amounts of Ce4+, from 70% to 80%, seem to better mimic the enzymatic
activity of the catalase enzyme (CAT). Therefore, nanoceria with high levels of
Ce3+ and a high Ce3+/Ce4+ ratio on the surface appear to be more efficient O≠

2
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Figure 4.3: High resolution scan of the Ce 3d region of the NC IIT sample.
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Figure 4.4: High resolution scan of the Ce 3d region of the NCsigma sample.

scavengers then nanoparticles rich of Ce4+ state. Being highly SOD-mimetic,
these nanoparticles neutralize the O≠

2 ion by converting it to H2O2 and O2 through
a catalytic dismutation reaction. However, high levels of H2O2 are potentially
more dangerous for cells than high levels of O≠

2 , because H2O2 is involved in the
generation of even more damaging free radicals from interaction with metals. The
co-existence of both cations is therefore needed on the surface to counteract H2O2
overproduction [36].
XPS analysis enabled the quantification of the two oxidation states by Ce 3d peak
deconvolution: Figure 4.3 and Figure 4.4 show the high-resolution scans of the Ce
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Figure 4.5: High resolution spectra of the oxygen peaks. On the top, the peak of
oxygen detected in the NC IIT sample and below the peak detected in the NCsigma
sample.

3d peaks of both NC IIT and NCsigma samples. The peaks relative to the trivalent
state, in the NC IIT sample, were found at binding energy values of 885.47 eV,
881.47 eV, 903.87 eV, 899.97 eV. Instead, the peaks relative to the trivalent state
at 882.73 eV, 889,23 eV, 917.13 eV, 901.23 eV, 907.73 eV, 898.63 eV.
From the ratio between the areas subtended by the peaks, it was possible to deduce
values of about 15% for the trivalent state, and 85% for the tetravalent state,
promising the exertion of a satisfactory antioxidant activity by NC IIT, comparable
to the values obtained for the NCsigma sample [37].
High-resolution spectra for the other species are also shown in Figure 4.5 and
Figure 4.6.
A remarkable difference was found between the two samples in the oxygen peak
assignment. The NC IIT sample shows an intense oxygen peak (O 1s) at about
533 eV different from the position detected for the NCsigma.
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Figure 4.6: High resolution scan of the N 1s region of the NC IIT sample.

The assignment of the O 1s peak at 533 eV is confirmed by observing the presence
of the N 1s peak at about 407 eV in the NC IIT sample and not present in NCsigma,
and likely due to a chemical shift induced by the presence of nitrogen.
The carbon spectra of the two samples were also evaluated and were used to
calibrate the energy scale through the location of the main carbon peak.

4.1.3 Size and Zeta Potential measurements
In this paragraph, the results obtained through the dynamic light scattering (DLS)
technique regarding the size and the Z potential of cerium oxide nanoparticles
are reported and discussed. The main objective of this analysis was to evaluate
the colloidal stability of the nanoparticles obtained through the synthesis process
described in the previous chapter, and compare them with that one of commercial
nanoparticles. Table 4.2 reports the results of hydrodynamic diameter measurement
obtained from both NC IIT samples and from NCsigma samples.

The DLS revealed a peak indicating a size of approximately 220 nm, with a
polydispersity index of 0.28 for the coated NC IIT suspended in the complete cell
culture medium. The obtained polydispersity index indicates a good homogeneity
of the cerium oxide nanoparticles.
The values shown in the table were calculated from the distribution of data shown
in Figure 4.7, where the position of the peaks indicates the size of the nanoparticles,
the intensity indicates the number of molecules having that size and the width
indicates variability. The presence of a single intensity peak indicates the goodness
of the analysis. The presence of less intense peaks for larger or smaller dimensions
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Sample Size (d.nm) PdI
NC IIT uncoated in MQ 157.2 ± 6.8 0.32

FBS-coated NC IIT in ultrapure water 239.4 ± 14.5 0.22
FBS-coated NC IIT in 10% FBS 225 ± 17.7 0.31

FBS-coated NC IIT in complete proliferative medium 218.8 ± 16.4 0.28
NC Sigma uncoated in MQ 182.4 ± 7.12 0.20

FBS-coated NC Sigma in ultrapure water 274.0 ± 14.0 0.22
FBS-coated NC Sigma in 10% FBS 285.5 ± 9.0 0.23

FBS-coated NC Sigma in complete proliferative medium 296.5 ± 8.7 0.23

Table 4.2: Hydrodynamic radius (Size d.nm) and polydispersion index (PdI)
obtained in different experimental conditions. The results are reported as the mean
and standard deviation of four measurements made on the samples.
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Figure 4.7: Size distribution data of FBS-coated NC IIT

indicates aggregates of nanoparticles or the presence of proteins or impurities in
the solution.
DLS technique was also used to assess the short-term stability of nanoceria. The
value of the Z-potential was evaluated in three different conditions: uncoated and
coated NC in ultrapure water and coated NC in 10% FBS in ultrapure water. The
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results obtained are reported in Table 4.3. Also, in this case the results are reported
as the average and standard deviation of three different readings.
As stability is a fundamental requirement for applications in the biomedical field,

Sample Zeta Potential (mV)
NC IIT uncoated in ultrapure water 37.6 ± 0.8

FBS-coated NC IIT in ultrapure water -21.2 ± 0.6
FBS-coated NC IIT in 10% FBS -15.3 ± 0.7

NCsigma uncoated in ultrapure water 38.5 ± 2.6
FBS-coated NCsigma in ultrapure water -12.1 ± 1.8

FBS-coated NCsigma in 10% FBS -15.9 ± 0.8

Table 4.3: Z Potential values obtained in different experimental conditions. The
results are reported as the mean and standard deviation of three measurements
made on the samples.

the long-term stability of the nanoparticles was also evaluated.
Both size and Z-potential values were monitored over two weeks (measurements
carried out every two days) on nanoparticles maintained in normal gravity and
those exposed to simulated microgravity on Random Positioning Machine (RPM).
Table 4.4 and Table 4.5 report the average value of the dimension and the Z-
Potential of the samples. The standard deviation refers to the seven measurements
and was therefore calculated to highlight the variability of the dimensions detected
in the different days of analysis.

As indicated by the low value of the standard deviation, coated nanoparticles

Size (d.nm) Normal Gravity Microgravity
Uncoated NC in MQ 140.9 ± 7.2 Low quality

FBS-coated NC in MQ 184.8 ± 9 205.8 ± 9
FBS-coated NC in complete proliferative medium 280.0 ± 17.0 294.5 ± 5.0

Table 4.4: Long-term stability monitored at normal gravity and under simulated
microgravity: size measurements.

maintain stability over this period. As could be expected, the stability of uncoated
nanoparticles was lost within the first fourth days. Further measurements were not
reliable due to the very poor quality of the sample. For this reason, the values of
the size of the uncoated nanoparticles in microgravity, and of the Z potential for
both conditions (1g and s ≠ µg) were not reported in the tables.
Figure 4.8 shows the trend of the Z potential value over the 14 days. High variability
is seen for the uncoated nanoparticles. While for the coated NC, for the two gravity
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Size distribution Data (d.nm) Normal Gravity Microgravity
Uncoated NC in MQ Low quality Low quality

FBS-coated NC in MQ -13.6 ± 0.7 -13.7 ± 0.7

Table 4.5: Long-term stability monitored at normal gravity and under simulated
microgravity: Z Potential.
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Figure 4.8: Z-Potential distribution data of the long-term stability monitoring.

conditions the recorded value remains constant over the seven readings.

4.1.4 X-Ray Diffraction (XRD) analysis
In this third paragraph, the results obtained through X-Ray Diffraction (XRD) are
reported and discussed concerning the chemical nature and the crystalline structure
of the synthesized nanoparticles and of the commercial ones.

The XRD confirms for both samples the presence of a single crystalline phase,
namely the cubic CeO2, with fluorite structure.
Figure 4.9 reports the two diffractograms of the analyzed samples, and shows that
they overlap to the CeO2 pattern from the Inorganic Crystal Structure Database,
thus confirming the expected chemical composition of the synthesized nanoparticles,
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Figure 4.9: Spectrum obtained by XRD analysis: NC IIT at the top, NC sigma
in the center.

in agreement with what was found by XPS analysis.
Table 4.6 reports quantitative data obtained by XRD analysis, demonstrating
differences in nanoparticle crystallite size and lattice strain, likely ascribable to the
synthetic method.

Sample Crystallite Size [nm] Lattice strain [%]
NC IIT 8.6 0.261

NCsigma 29.0 0.0664

Table 4.6: Crystal size and strain values obtained from XRD analysis.

4.1.5 Thermogravimetric analysis (TGA)
This paragraph reports and discusses the results obtained by thermogravimetric
analysis (TGA).
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Figure 4.10 shows the obtained thermograms over the 0-1000°C range. Quantita-
tive data are reported in Table 4.7, were are reported the characteristic temperatures
associated with significant weight los resulting from the location of peaks detected
in the first derivative of the TGA curve.
Table 4.7 clearly show that significant weight losses occurred at different tempera-
tures for uncoated and FBS-coated nanoparticles, with FBS-coated nanoparticles
undergoing a significantly higher overall weight loss than uncoated nanoparticles,
obviously due to the degradation of the protein coating.
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Figure 4.10: Comparison of TGA curves of coated (green line) and uncoated (red
line) NPs.

1st peak 2nd peak
Sample Critical Temperature (°C) % weight loss Critical Temperature (°C) % weight loss

FBS-coated NC IIT 280 23.5% 796 7.5%
FBS-coated NCsigma 277 13.5% 820 5%

NC IIT uncoated 335 4% 412 1%
NCsigma uncoated 104 0.8% 221 0.45%

Table 4.7: Critical temperatures and weight loss percentages of uncoated and
coated NPs derived using the TGA curves.

The results obtained on uncoated nanoparticles are comparable with the data
found in the study by F.Caputo et al used as a reference for the synthesis protocol.
In their study, the first mass loss of the uncoated nanoparticles is reported before
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the temperature of 200 °C with a mass loss rate of 0.5%, while in the second region,
between 200 and 400 °C, the mass loss rate is 4%. These results are not too far from
those obtained for both tested samples but still more similar to the commercial
sample.
According to their article [39], the first region seems to be associated with the
volatilization of residual solvents and water absorbed by the material. In contrast,
the second mass loss could be associated with the degradation of residual ethylene
glycol. Another study by Diaconesea et al. reports a 7% of weight loss before 200
°C always due to the volatilization of water molecules, and a second region (3%
of weight loss) between 250 and 300 °C associated with the exothermic effect of
un-reacted nitrate decomposition [40].

4.2 Photometry for quantification of nanoparti-
cle antioxidant capacity

This paragraph discusses the results obtained during the evaluation of the antioxi-
dant capabilities of cerium oxide nanoparticles.
For this purpose, an assay capable of detecting the antioxidant capacities of the

Figure 4.11: Calibration curve for Trolox standard in antioxidant capacity quan-
tification assay.
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tested substances was used. The assay relies on copper ion reduction and on a
colorimetric probe producing a color change towards purple, the intensity of which
directly correlates to the antioxidant capacity of the substance tested.
Trolox, an analogue of vitamin E, was used as a standard for the obtainment of a

Samples: Natural Antioxidants Trolox Equivalents (n.mol)
NC IIT 235.0

NC sigma 0.1
PDNPs 7200.0

Curcumin 0.1
Resveratrol 5.4

Table 4.8: Antioxidant property of nanoparticles and soluble compounds (in
Trolox equivalents).

calibration curve that was later used to known antioxidant capacity of nanoparticles.
For this reason, the results regarding the antioxidant capacity are expressed as the
number of mol of Trolox equivalents.
Antioxidant property of both NC and PDNPs was quantified upon proper dilu-
tion of the stock dispersions, and it was compared to that one of some soluble
antioxidant compounds. The assay calibration curve based on dilutions of Trolox
is reported in Figure 4.11. As shown in Table 4.8 (where all data refer to 1 mg of
antioxidant), nanoparticles had a higher antioxidant property (expressed in Trolox
equivalents) than soluble antioxidants. Ranking based on antioxidant property is
therefore as follows: commercial NC < curcumin < ascorbic acid < resveratrol <
IIT-synthesized NC < PDNPs.
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4.3 Cytotoxicity tests
To evaluate possible NC cytotoxic effects, five different concentrations of nanopar-
ticles dispersions were tested on both C2C12 cells and HSkM.
C2C12 myoblasts show comparable viability at all concentrations tested of nanopar-

Figure 4.12: Biocompatibility test of increasing concentrations of NC (a) and
PDNPs (b) with proliferating C2C12 myoblasts. Fluorescence is associated to
ds-DNA content of the cultures.

ticles (NC and PDNPs), both after 24 h and 96 h of incubation. The cell population
undergoes regular proliferation at all concentrations tested of nanoparticles, denot-
ing high biocompatibility of both NC and PDNPs on the selected mouse cell model
(Figure 4.12).
Figure 4.13, HSkM show comparable viability in the presence of all NC concen-
trations tested at 24 h from nanoparticles administration. The cell population
undergoes regular proliferation up to 200 µg/ml NC. Myoblasts have comparable
viability within a smaller concentration range of PDNPs compared to NC, with
proliferation occurring correctly only at the lower PDNP concentration tested,
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Figure 4.13: Biocompatibility test of increasing concentrations of NC (a) and
PDNPs (b) with proliferating HSkM. Fluorescence is associated to ds-DNA content
of the cultures.

for reasons yet to be ascertained. Biocompatibility tests motivated further ex-
periments with the following concentrations: 0, 100 and 200 µg/ml for NC, and
0, 10 and 50 µg/ml for PDNPs. C2C12 myoblasts (seeded at a density of 5,000
cells/cm2) were used to perform an exploratory experiment aiming at assessing
qualitatively (by phase contrast microscopy imaging) and quantitatively (by flu-
orometry upon ds-DNA staining) synergic effects of nanoparticle administration
and 3D clinorotation.
Figure 4.14 reports phase contrast microscopy images of cultures treated with
increasing concentrations of NC, with regular morphology and adherent to the
substrate, after exposure to both normal gravity and simulated microgravity. Sam-
ples treated with nanoparticles during 3D clinorotation are characterized by lower
amounts of precipitated nanoparticles than samples kept in static conditions, sug-
gesting lower cellular internalization of nanoparticles under simulated microgravity.
Figure 4.15 shows results of fluorescence detection after ds-DNA staining, sug-
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Figure 4.14: Representative phase contrast microscopy images of C2C12 cell
cultures after 24 h of exposure to increasing concentrations of NC and to simulated
microgravity (20 deg/s).
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Figure 4.15: Biocompatibility test of increasing concentrations of NC and simu-
lated microgravity with proliferating C2C12 myoblasts. Fluorescence is associated
to ds-DNA content of the cultures.

gesting comparable response of NC-treated C2C12 cells to untreated ones under
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Figure 4.16: Representative phase contrast microscopy images of C2C12 cell
cultures after 24 h of exposure to increasing concentrations of PDNPs and to
simulated microgravity (20 deg/s).

0

10000

20000

30000

40000

50000

60000

70000

0 10 50

Fl
uo

re
sc

en
ce

 (a
.u

.)

PDNPs concentration (µg/ml)

1g
S-µg

Figure 4.17: Biocompatibility test of increasing concentrations of PDNPs and sim-
ulated microgravity with proliferating C2C12 myoblasts. Fluorescence is associated
to ds-DNA content of the cultures.

3D clinorotation, whereas cells in static conditions seem to show an increasingly
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lower viability depending on NC concentration. This evidence is in contrast to the
results reported in Figure 4.12 a, but in agreement with what is shown in Figure
4.14: further investigations may prove if this resulted from irregular nanoparticles
coating with FBS or from re-use of contaminated cell culture vessels.
Figure 4.16 reports phase contrast microscopy images of cultures treated with
increasing concentrations of PDNPs, with regular morphology and adherent to the
substrate, after exposure to both normal gravity and simulated microgravity. Fig-
ure 4.17 shows results of fluorescence detection after ds-DNA staining, suggesting
comparable response to PDNP administration and to 3D clinorotation.
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4.4 Study of NC internalization under simulated
microgravity

In this paragraph, results related to the study of the interaction between cerium
oxide nanoparticles and muscle cells under simulated microgravity are reported.
To study the nanoparticle internalization within cells several analytical techniques
including transmission electron microscopy, inductively coupled plasma mass spec-
trometry (ICP-MS), flow cytometry, confocal microscopy, Raman confocal mi-
croscopy, etc. are reported in the literature [42].
Of these, TEM and confocal microscopy are the most widely used because they
have a good spatial resolution but have time consuming. ICP has the advantage of
providing quantitative results, but it is a destructive technique, not easily accessible
and applicable only with inorganic particles, with chemical composition different
than the cellular one [42].
Flow cytofluorometry is a promising strategy used for the evaluation of internalized
nanoparticles. The device is capable of measuring light scattering and fluorescence
of single events (e.g., cells or particles) in flow. The instrument records both
forward and side scattering. These two vary depending on the particle size and
complexity (intracellular density), respectively. Internalization of nanoparticles
into cells results in increased side scattering. Therefore, side scattering can be used
to quantify the uptake of nanoparticles into cells. [42].
In this work, the internalization of the nanoparticles was evaluated by three differ-

ent methods, two quantitative methods (ICP-OES and flow cytometry), and one
qualitative method (confocal microscopy). The reported results were obtained with
three different techniques by exposing mouse myoblasts (C2C12) to the simulated
microgravity condition for 48 hours.
Figure 4.18 shows the histogram for the preliminary experiments performed on
cells maintained at normal gravity with two different concentrations of Nanoceria,
100 µg/ml and 200 µg/ml.
For flow cytometry analysis after microgravity exposure, cells were seeded in the
PDMS culture chambers with the six wells. After 48 hours from the onset of
microgravity exposure, the cells were processed as described in Chapter 3 and
prepared for analysis.

Figure 4.19 shows the images acquired with the microscope at the end of the
experiment. Cell morphology is good in both cases and no substantial differences
are noted between the experimental conditions. No particular differences in NC
precipitate are evident when comparing the two experimental conditions.
The graph in Figure 4.20 shows the percentage of events (cells) that produce side

scattering intensity greater than the set detection threshold.
Again, the condition without nanoceria (indicated in the graph with 0 µg/ml NC) is
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Figure 4.18: Study of the internalization of cerium oxide nanoparticles carried
out with three different concentrations. Results from flow cytometric analysis,
referred at three different observation times and cells maintained at normal gravity.

used as a control in both the gravity conditions. The percentage of events detected
at the normal gravity for cells treated with 100 µg/mlNC (condition indicated as
100NC in the graph) is in line with that found in the previous experiment (about
15%).
Looking at the results obtained from samples exposed to microgravity instead,
no differences are noted between the condition with nanoceria and the control
condition without NC. From this result, it, therefore, appears that there is very
modest NC internalization in the conditions tested.

A qualitative confocal microscope analysis was also performed. As shown in
Figure 4.21, nanoparticles could be detected in close proximity to nuclei only in
the cultures exposed to normal gravity for 48 h. After application of constant
speed mode for microgravity simulation instead, no signal from NC could be noted.
These results motivated the utilization of the RPM in random speed mode.

The samples exposed to 8-20 deg/s rotation underwent quantitative analysis
through ICP-OES. The collected data are reported in Figure 4.22, where the verti-
cal axis is in logarithmic scale for better data visualization. Cerium concentration
amounted to values of 0.003 and 0.005 ppm for untreated samples exposed to
normal gravity and microgravity conditions, respectively. Cerium concentration
instead was of 22.5 ppm and 1.6 ppm for treated samples exposed to normal gravity
and microgravity conditions, respectively. These data are in agreement with flow
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Figure 4.19: Microscope images of C2C12 cells acquired after 48h of microgravity
exposure. Control condition at normal gravity (1g) top, cells exposed to micrograv-
ity shown instead in bottom images. The images in the left column refer to the
condition without Nanoceria (-NC) and those on the right to the condition with
Nanoceria (+NC).

cytometry data and indicating that internalization successfully occurred in the
tested simulated microgravity conditions, although its entity was modest.

Altogether, these data suggest that the interaction between NC and cells under
the tested simulated microgravity conditions is limited, and this might affect oxida-
tive stress alleviation under mechanical unloading, although ameliorating cellular
tolerance to nanoparticles.
Interestingly, a study conducted by Z. Diaconeasa et al. demonstrates that inter-
nalization of nanoceria occurs differently depending on the cell type. In their study
[40], they observed that NC internalization is favored with tumor cells, while with
normal cells it seems to be minimal. In fact, regarding normal cells, most of the
nanoparticles were detected at the cell membrane level.
Based on the obtained results, alternative experimental protocols, including NC
administration at least 24 h prior to cell exposure to simulated microgravity may
be explored.
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Figure 4.20: Histogram relative to the percentage of internalized Nanoceria
obtained by flow cytometry: comparison between the conditions of normal gravity
and microgravity.

Figure 4.21: Images obtained by confocal microscopy. The top images refer to
normal gravity condition, while the bottom images refer to microgravity condition.
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Figure 4.22: Histogram for the percentage of internalized nanoceria obtained by
ICP-OES:comparison between the conditions of normal gravity and microgravity.

4.5 Evaluation of oxidative stress induced by mi-
crogravity simulation

Research aiming at quantifying the extent of oxidative stress potentially induced by
the applied simulated microgravity protocols were also conducted by flow cytometry.
Optimization tests were performed in order to find the right quantity of oxidative
stress probe, and combinations of RPM rotation speed, observation time, and
cellular status (proliferative vs. differentiatie) suitable to testing possible protective
effects from nanoparticles against oxidative stress.
Quantification of the extent of oxidative stress was performed by using a fluorescent
probe, CellROX green dye, selective for ROS detection.
Preliminary testing was performed on a fixed number (100,000) of C2C12 cells

100,000 cells 0 µM 1 µM 2.5 µM

C2C12 8 % 15 % 48 %
HSkM 5 % 20 % 67 %

Table 4.9: Preliminary investigation on myoblast response to increasing concen-
trations of CellROX Green dye for quantification of ROS+-cells by flow cytometry.

and HSkM with increasing concentrations of CellROX Green dye. This testing was
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conducted by cell staining and flow cytometry in the absence of any pro-oxidant
stress. CellROX Green dye can indeed have toxic effects on cells, thus determining
an overestimation of pro-oxidant chemical species in the cultures, i.e. percentage
of stressed cells upon treatment. Results of this testing are reported in Table
4.9, clearly showing that the most suitable concentration of reagent to following
experimental activities is 1 µM .
To verify if nanoparticles were able to exert an antioxidant activity in cultures,

Figure 4.23: Preliminary testing of C2C12 cell response to a pro-oxidant insult
provided through tBH administration.

a preliminary flow cytometry experiment was performed with C2C12 myoblasts
(seeded at a density of 10,000 cells/cm2) and with increasing concentrations of
tert-butyl hydroperoxide-tBH (0, 10, 50, 100 and 1000 µM), as a pro-oxidant agent.
ROS+ cells were quantified at 1, 6 and 24 h from tBH administration.
As show in Figure 4.23, the percentage of cells positive to staining at the lower
TBH concentration tested (10 µM) is almost comparable to the control condition.
By observing the results obtained for the increasing concentrations (higher than
50 µM), at the three instants of time, a significant increase in oxidative stress is
noted only within 6 h from tBH administration. At 24 h from tBH administration,
a reduction in the percentage of cells positive to CellROX Green dye is evident.
At the highest tBH concentration tested (1000 µM , red bar), all cells were found
dead after 24 h and therefore could not be analyzed. After 24 h of exposure to the
concentrations of 50 µM and 100 µM tBH, a very low percentage of cells positive
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to CellROX Green dye was found, suggesting possible cellular adaptation to the
condition of stress.

Antioxidant activity of NC was tested in the presence of a pro-oxidant insult

Figure 4.24: Effects of NC administration on C2C12 myoblasts exposed to a
pro-oxidant agent at different time point from tBH administration.

provided through tBH administration to the cultures. To the purpose, myoblasts
were processed as follows: 10,000 C2C12 cells/cm2 seeding followed by 24 h incu-
bation, 100 µg/mlNC dispersion administration followed by 24 h incubation, tBH
administration followed by 1-6-24 h incubation, staining with CellROX Green dye
and flow cytometry. Figure 4.24 shows the result of this investigation, showing a
moderate increase of the percentage of ROS+ cells at 1 h from tBH administration
in NC-treated cells: this seems to suggest that NC may exacerbate early oxidative
stress induced by tBH for reasons yet to be ascertained. However, the percentage of
ROS+ cells treated with NC at 24 h is half of that one of untreated cells, denoting
mitigation of the oxidative stress imparted by tBH administration at a later time
of investigation.
After evaluating the cellular response to a known stimulus, the results obtained by

using the random positioning machine are reported. Several trials were performed
to find the best experimental condition evidencing high levels of oxidative stress in
the cultures.
Graph in Figure 4.25 shows the results obtained on C2C12 cells. The graph reports
the percentage of cells positive to CellROX green after 24 h and 72 h of 3D clinor-
tation at 25 deg/s. It is evident that the percentage of cells affected by oxidative
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Figure 4.25: RPM-induced oxidative stress on C2C12 cell line after 24 and 72 h
of exposure. 3D clinorotation at 25 deg/s.

stress decreases over time: this result supports what has been previously observed
with the experiment performed with tBH as a pro-oxidant stimulus regarding
C2C12 cell high adaptability to a stress condition.

4.5.1 Evaluation of oxidative stress induced by micrograv-
ity simulation: HSkM cell line

HSkM were also tested under constant speed mode for microgravity simulation and
resulting data are reported in Figure 4.26. As shown in Figure 4.26, a constant
speed of 20 deg/s was successful at inducing a modest oxidative stress in the
cultures after 24 h of 3D clinorotation.
Based on the results shown in Figure 4.26, further experiments were conducted by

3D clinorotation useful to microgravity simulation at 20 deg/s. This speed proved
to be extremely successful at generating a significantly high oxidative stress in early
differentiating HSkM cultures seeded at a density of 20,000 cells/cm2, kept for 48
h under low serum medium, and finally exposed to simulated microgravity for 24
h. As shown in Figure 4.27a (evidenced by red arrows in phase contrast optical
microscopy images), human myoblasts underwent fusion into elongated myotubes,
that were retained also after 24 h of clinorotation.
The number of ROS+ cells reported in Figure 4.27b approximated 60% after 6
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Figure 4.26: Investigations of the effects of different 3D clinorotation speeds on
C2C12 cell cultures in terms of oxidative stress.

h and 40% after 24 h of 3D clinorotation, suggesting the deployment of innate
oxidative stress response in the cultures, as also found in proliferating mouse
myoblasts under simulated microgravity.
Another test was performed on HSkM exposed to random motion mode and data
were reported in Figure 4.28. This graph refers to random change of the speeds
of both RPM frames between a minimum and maximum speed of 8 and 20 deg/s,
respectively.
In this case, data suggest a role of NC in oxidative stress alleviation only at 24 h,
which therefore represents a fundamental time point for future studies.

In summary, only modest evidence of oxidative stress was detected for both cell
lines, that is mouse C2C12 myoblasts and human skeletal myoblasts, under prolif-
erative conditions, but very significant results were obtained with human skeletal
myoblasts under differentiation in the tested conditions of simulated microgravity.
Observation times and rotation modes appeared to be critical for oxidative stress
assessment: these parameters will be carefully taken into consideration for future
studies.
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Figure 4.27: Representative images of phase contrast optical microscopy of early
differentiating HSkM (a), and investigation of the effects of constant speed 3D
clinorotation at 20 deg/s on HSkM cultures in terms of oxidative stress (b).
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Figure 4.28: Investigation of the effects of random speed 3D rotation at 8-20
deg/s on HSkM cultures in terms of oxidative stress.
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Chapter 5

Conclusions

This Master Degree Thesis work consisted into synthesis, characterization and
application to skeletal muscle cell cultures of cerium oxide nanoparticles (also
termed nanoceria), with focus on cell/nanomaterial interaction under simulated
microgravity conditions. Nanoceria indeed represents a promising nanotechnological
approach to counteract oxidative stress induced by mechanical unloading, with the
final goal of enabling muscle mass and function maintenance in several conditions,
including spaceflight.
In this Thesis work, cerium oxide nanoparticles were synthesized by direct precipi-
tation and then characterized by several independent techniques, showing chemical
composition, size and stability suitable for in vitro experimentation. In particular,
antioxidant property was quantified and found to be higher than that one of commer-
cial nanoparticles with same chemical composition. Then, biocompatibility studies
with increasing concentrations of nanoparticles were conducted demonstrating high
viability and proliferative capability of skeletal muscle cell cultures even at high
concentrations. Simulated microgravity was also applied to the cultures through
3D clinorotation, enabling identification of conditions suitable to cell proliferation
and demonstration of evidences of oxidative stress.
In agreement with the literature, simulated microgravity applied to mouse my-
oblasts was found to promote cell proliferation: this evidence deserves further
studies for its possible relevance to muscle tissue engineering applications. More-
over, constant speed clinorotation associated to early differentiation of human
myoblasts demonstrated onset of a significant level of oxidative stress suitable
for studying of antioxidant effects of nanoceria. Studies conducted on cultures
simultaneously exposed to nanoparticles and microgravity conditions demonstrated
a low internalization of the nanomaterials. This suggests the opportunity of further
studies exploring administration of higher concentrations of nanoparticle dispersions
or pre-incubation of cultures with nanoparticles before clinorotation application.
Future studies will aim at assessing antioxidant effects of nanoceria under simulated
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microgravity enabling muscle cell feature retention or promotion.
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Appendix A

Nanoparticles
characterization techniques

This chapter is concerned with describing the characterization techniques, and the
principles upon which they are based, used in this project to characterize cerium
oxide nanoparticles. As mentioned in the previous chapter, cerium oxide nanopar-
ticles can have both beneficial, antioxidant and antibacterial effects and harmful,
pro-oxidative effects due to the complex chemical structure. A high presence of the
trivalent state on the surface of the nanoparticles can have beneficial effects, thus
mimicking SOD and harmful effects leading to excessive ROS production. [36]
This evidence, therefore, suggests that it is of considerable importance to charac-
terize the NC at each new synthesis.
In this work, the newly synthesized NC was characterized by comparing it to al-
ready well-characterized reference material. Commercial cerium oxide nanoparticles
provided by SigmaAldrich were chosen as the reference material.
The techniques of X-Ray photoelectron spectroscopy (XPS), dynamic light scatter-
ing (DLS), X-Ray diffraction (XRD), thermogravimetric analysis (TGA) and TEM
will be described.
The XPS analysis was used to evaluate the chemical composition of the nanoparti-
cles and then to know the ratio of the Ce3+ and Ce4+ couple, to make sure that
the synthesized nanoparticles could potentially be antioxidants and not the other
way around.
DLS was used to measure the hydrodynamic radius, the polydispersity and the
Z potential of the nanoparticles to evaluate the stability under the conditions
of use. The XRD analysis was used to evaluate the crystalline structure of the
nanoparticles and the TGA was performed to evaluate material behavior when
subjected to thermal heating.
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A.1 X-Ray photoelectron spectroscopy (XPS)
This section describes the technique of X-ray photoelectron spectroscopy (XPS),
explains what the underlying principle is, how the XPS spectrum is obtained, and
how it is interpreted.
The XPS is a qualitative and quantitative technique, is non-destructive and allow
the detection of all elements except for H and He [43].
The physical principle on which this characterization technique is based is the
release of electrons from the sample under test by the photoelectric effect [43].
When a photon with characteristic energy (hv) interacts with an atom, there is
a possibility that it interacts with electrons in the atomic orbital. During the
photon-electron interaction, the total energy of the photon is transferred to the
electron. As the energy of the photon is higher than the binding energy of the
electron, the electron is released from the atom through the photoelectronic effect
with a specific kinetic energy [43].
The fundamental equation that underlies this technique and allows the identification
of the elements present in a sample is the following:

Eb = hv ≠ Ek

where Eb is the electron’s binding energy, hv is the photon’s energy (h is the
Planck’s constant, v is the X-Ray frequency), and Ek is the specific kinetic energy
of the released electron.
By measuring the kinetic energy of the released electrons, it is possible to calculate
the electron’s binding energy. Binding energies are typical for each element and
in this way it is possible to identify the elements that compose the sample under
examination.
Then, an X-ray source irradiates the sample to be analyzed at known energy. A
fraction of the electrons released from the sample surface is detected by a kinetic
energy analyzer. The final result is a spectrum in which the intensity of the peaks
is reported as a function of binding energy. The intensity of the peaks is equal to
the number of electrons detected with the same kinetic energy, while the position
of the peak (hence the binding energy) identifies the element.
The qualitative analysis to identify what are the elements that make up the sample
under analysis is done through a wide scan (resolution from 0 to 1000 eV). It
is also possible to make a semi-quantitative analysis of the elements through a
high-resolution scan, in this case, it is possible to get information on chemical
bonds through chemical shifts and calculate the area subtended to the peaks to
assess the percentage atomic concentration. To evaluate the percentage of atomic
concentration, it is necessary to consider the background emission, the mean free
path, and the detector transmission. The percentage of atomic species present in
the sample is calculated by comparing the intensity detected for that species with
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the sum of the other species’ intensities. [43]

A.2 Dynamic light scattering (DLS)
This section briefly describes the characterization technique of the dynamic light
scattering (DLS) technique that in this project was used to measure the hydrody-
namic radius, polydispersity, and Z-potential of nanoparticles.
The dynamic light scattering (DLS) technique is widely used to study specific
properties of molecules in solution, such as size and homogeneity.
DLS technique is based on the detection of light scattered by the sample under
investigation: the instrument irradiates the solution containing the nanoparticles
with a beam of monochromatic light that upon interaction is scattered in all direc-
tions depending on the size and shape of the nanoparticles. The intensity of the
scattered light is recorded by a particular detector to obtain information about the
dimensions of the nanoparticles.
Nanoparticles in solution move by Brownian motion that depend on the size of
the nanoparticles themselves, the temperature, and the solvent’s viscosity. This
movement of the nanoparticles causes changes in the intensity of the scattered light.
These intensity variations are measured and processed to derive the hydrodynamic
size of the macromolecules in that, the intensity of the scattered light is proportional
to the square of the particle volume. [44]
Therefore by observing the movements of the nanoparticles in time it is possible to
obtain information on their size because the nanoparticles move much more slowly
than the solvent molecules and therefore if observed in different time instants,
define similar positions. To verify the rapidity of the fluctuations, the instrument
software uses an autocorrelator that correlates fluctuations in light intensity with
time.
The DLS, by evaluating the size of the nanoparticles, also allows verifying their
stability. For biomedical/pharmaceutical applications, it is important to evaluate
the stability of nanoparticles in a physiological environment to avoid the formation
of nanoparticles aggregates.
In addition to this great advantage, the DLS is a non-destructive technique, requires
the use of little material, allows to perform analysis on many samples of different
nature dispersed in different solvents at different temperatures. However, it is
necessary for the transparency of the solvent and thorough cleaning of the cuvettes
used to contain the solution.
Another constraint concerns the sample concentration. The signal recorded by the
detector depends on the size but also the concentration of the nanoparticles in the
solution. It is, therefore, necessary to select the most appropriate concentration to
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perform the analysis and have good reliability of the reading. Temperature, also, is
a parameter that greatly influences the analysis; it is, therefore, important to keep
the temperature constant during the recording.
As the hydrodynamic radius measured by DLS is larger than the actual radius,
it is also useful to compare the obtained size with other imaging techniques such
as SEM and TEM, also to verify the goodness of the measurement, as aggregates
or dust particles can disturb the size determination when the nanoparticles under
analysis are smaller. [45] [44]
The DLS instrument was also used to measure the surface charge of nanoparticles.
Determination of the zeta potential is critical to assess the stability of nanoparticles
in solution and avoid aggregates. Through the measurement of zeta potential,
the surface charge of the nanoparticles is estimated. The particles must have a
repulsion force such that aggregation caused by Van Der Waals attraction forces is
avoided. A large value (in absolute value) of the measured zeta potential indicates
good stability. Usually, when the measured value is greater than 15-20 mV, in
absolute value, the nanoparticle suspension can be considered stable. [46]
The Z potential is measured as the difference in the potential’s value of the double
layer of charge that forms on the surface of the suspended nanoparticles. It is
determined by measuring the speed of movement of the nanoparticles towards the
electrode of the measuring cuvettes in the presence of an external electric field. [47]

A.3 X-Ray diffraction (XRD)
This section describes the principles of the X-Ray diffraction technique, a charac-
terization technique used to study the crystalline structure of nanomaterials. It
is possible to measure the size and the shape of small crystalline regions because
the wavelengths of the X-Ray, from 0.2 to 10 nm, are of an order of magnitude
comparable to the interatomic spaces of the crystal. [48]
hen the atomic structure of a crystalline material is irradiated with an X-ray beam,
it causes constructive and destructive interference from the scattered X-ray beam.
The set of interferences generates a unique spectrum for each element that has
different peaks, known as Bragg diffraction peaks.
Indeed, the diffraction of x-rays by a crystal is described by the Bragg law indicated
below:

2dsin(◊) = n(⁄)

The equation relates the wavelength of the incident rays (indicated with lambda),
and the space between atoms in the crystal (understood as the perpendicular
distance between pairs of adjacent planes and indicated with the letter d in the
equation).
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◊ is the angle of incidence or Bragg angle, and n is the reflection index.
Then the rays generated by the diffraction are detected and processed to obtain, by
varying the angle between source, sample and detector (over a 2 range, usually from
10 to 100 degrees [49], a spectrum with characteristic peaks for each material. The
XRD peaks, therefore produced by the constructive interference of the X-ray beam
diffused at specific angles, have an intensity determined by the atomic positions
within the lattice planes. Hence, one can think of the XRD spectrum as an "imprint"
of the periodic arrangement of the material’s atoms.[50]
Thus, the XRD spectrum of a crystalline material has well-defined peaks at specific
scattering angles, on the contrary, an amorphous material that is not characterized
by the periodic and ordered arrangement of the atoms, has a spectrum having a
maximum intensity extended for different angles of dispersion.
With this technique, it is also possible to know the average crystal size. The crystal
dimension can be calculated from the amplitude, then from the total amplitude
to half the maximum intensity of the reflection peak (beta) using the Scherrer
equation:

t = k(⁄)(—)cos(◊)

where K is the Scherrer constant and represents the shape of the nanoparticles.
[48]

A.4 Thermogravimetric Analysis (TGA)
This section describes the principles of the thermogravimetric analysis technique
(TGA) that was used to monitor the changes of the mass of the samples as a
function of the temperature and time.
TGA is a thermoanalytical technique where the sample is placed on an electronic
balance at high precision located in a furnace. The temperature inside the furnace
is controlled through an apposite temperature controller programmed to heat the
sample to a maximum temperature through several heating ramps. [51]
The TGA technique is commonly used to evaluate the loss of mass of a sample due
to several possible causes as oxidation, decomposition, and loss of volatile.
The result of this analysis is a plot, the TGA thermal curve, in which is represented
the percentage of weight loss as a function of the temperature. In the curve, it is
possible to observe a first decomposition of the sample which continues up to an
elevated temperature where a considerable percentage variation of the weight is
observed. At high temperatures, uniformity of the curve is noted which corresponds
to the crystallization temperature of the material. [52]
From the TGA curve, it is possible to extrapolate the point, and therefore the
temperature, at which the mass loss begins. Another extrapolation useful to
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characterize the material refers to the peak of the first derivative of the thermal
curve. This peak is called the inflection point and indicates the point where the
greatest change in weight of the sample is perceptible. The thermal curve of the
TGA is therefore quite important to evaluate the behaviour of a material subjected
to heating and therefore understand if the sample is thermally degrading through
the loss of mass or is undergoing an oxidation process indicated instead by a mass
gain. [53]
The purpose of the analysis is undoubtedly to evaluate the thermal heating be-
haviour of nanoparticles, but through this technique, by observing the degradation
of the material at different temperatures we can get more information about the
composition of the nanoparticles [53].
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