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1 Abstract

This thesis investigates the biochemical, biophysical, and quantitative foundations of oxidative stress in living
systems, with a specific focus on reactive oxygen species (ROS), mitochondrial metabolism, and the emerging
therapeutic use of ultrasound combined with engineered nanoparticles in cancer treatment. The work begins with
an overview of cellular structure and function, emphasizing the role of key organelles—particularly mitochondria
and the endoplasmic reticulum—in maintaining metabolic homeostasis and regulating redox balance. Cellular res-
piration is described through anaerobic glycolysis and aerobic metabolism, including the Krebs cycle and oxidative
phosphorylation, highlighting how ATP production depends on coordinated electron transport processes.

A central theme is the dual role of ROS as both signaling mediators and drivers of oxidative damage. The
thesis clarifies the distinction between reactive oxygen species and free radicals, and reviews major ROS/RNS
(e.g., superoxide, hydrogen peroxide, hydroxyl radical, nitric oxide, and peroxynitrite), their biochemical origins,
and their compartment-specific roles in mitochondria, peroxisomes, the plasma membrane, and the ER. Partic-
ular attention is given to redox signaling mechanisms based on intracellular buffering systems (glutathione and
thioredoxin) and oxidative protein modifications affecting enzymatic activity and transcriptional regulation.

The metabolic reprogramming of cancer cells is discussed in the context of altered respiration, including inhi-
bition of oxidative phosphorylation and increased reliance on glycolysis (Crabtree-like behavior), with consequent
acidification and oxidative stress. Compensatory pathways such as angiogenesis and glutaminolysis are examined
as drivers of tumor survival and proliferation in hostile microenvironments.

Building on these biological foundations, the thesis introduces physical and mathematical frameworks for ultra-
sound propagation in tissues, including wave parameters, acoustic impedance, attenuation, and energy/intensity
measures. Thermal deposition and tissue heating are modeled through standard bioheat formulations, linking
ultrasound “dose” to measurable temperature rises and temperature-dependent cellular damage.

Finally, the work explores ultrasound-based anticancer strategies enhanced by nanomedicine, focusing on son-
odynamic mechanisms that increase ROS generation through cavitation, sonomechanical stress, and nanoparticle-
assisted sonocatalysis. Zinc oxide-based nanocrystals, including functionalized and doped formulations, are pre-
sented as representative nanosonosensitizers capable of lowering cavitation thresholds and amplifying oxidative
stress under controlled ultrasound exposure. The thesis integrates computational modeling (e.g., pressure-acoustics
simulations) with experimental validation using ROS-sensitive probes and flow cytometry, showing that ROS levels
increase significantly with ultrasound stimulation, particularly when combined with ZnO-derived nanoparticles.
The findings support the development of predictive models to optimize therapeutic parameters and advance ROS-

mediated ultrasound therapies as a promising direction for non-invasive cancer treatment.
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2 Developement of the Thesis

2.1 The Cell

2.1.1 The Cell Structure

The cell, a fundamental unit of life for both eukaryotic and prokaryotic species, is composed of various parts:

e The cell membrane, also called the Plasmalemma, is composed of a phospholipid bilayer that houses many
biomolecules and complexes, such as cholesterol, enzymes, ion pumps, glycoproteins, and carbohydrates.
Additionally, vesicles associated with the cell membrane may indicate processes of endocytosis and exocy-
tosis. Beneath it lies the cytoplasm, composed of molecules in free solution, such as proteins, enzymes, or

microtubules that form the cytoskeleton.

e The endoplasmic reticulum (ER) is divided into smooth and rough types.

— The granular or rough endoplasmic reticulum (rER) is associated with small particles containing
ribonucleic acid called ribosomes, which are fundamental units actively involved in forming peptide
chains (also known as proteins). These ribosomes are organized into small clusters of 3 to 30 units,

called polyribosomes.

— The smooth or agranular endoplasmic reticulum (sER) is composed of interwoven three-dimensional
tubules devoid of ribosomes. It performs various functions within the organism, depending on its loca-
tion. For instance: in muscle tissue, it captures calcium ions, which enable muscle contraction and
relaxation.In the liver, where granular and agranular reticula coexist in equal proportions, it metabo-

lizes lipids and cholesterol and detoxifies the blood from drugs.

e Lysosomes and peroxisomes that degrade waste molecules, and in the case of peroxisomes, they break
down hydrogen peroxide (H2O2). Lysosomes, on the other hand, are enclosed by a membrane and take on
spherical, ovoid, or irregular shapes. They participate in the digestion and disposal of worn-out cellular

organelles as well as materials introduced into the cell through endocytosis.
e The cytoskeleton is primarily composed of:

— Microtubules: made of tubulin, a family of globular proteins that exist in solution as heterodimers
containing guanosine triphosphate (GTP) in a- and S-type subunits. Tubulin is also the most abundant

protein in the cytoplasm.

— Microfilaments: primarily composed of actin, one of the most abundant proteins in animal cells. They

also have associated motor proteins, the most abundant of which is myosin II.

— Intermediate filaments: present only in animals.

The cytoskeleton performs several important functions for three distinct reasons:
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1. It orients cell division.
2. It maintains adhesion between cells or entire sheets of cells.

3. The shape of cells depends largely on the composition of the cytoskeleton and how actin and myosin

filaments arrange themselves when adhering to a surface.

e The nucleus contains the genetic material, also called Deoxyribonucleic Acid (DNA), organized into chro-
mosomes. It is composed, like the cell itself, of a porous membrane, beneath which lies the nucleoplasm.
The nucleoplasm primarily consists of proteins and enzymes, soluble ribonucleic acid, and ribosomes. At its

center is the nucleolus, where chromosomes are located, wrapped in chromatin granules.

e Mitochondria, responsible for producing adenosine triphosphate (ATP), the main energy currency for

cellular reactions [18, 19].

2.1.2 The Cell Respiration

All these cellular components work synergistically to ensure the survival of the cell through electrochemical and
thermodynamic systems, collectively known as cellular metabolism. There are two types of cellular respiration:
anaerobic and aerobic.

3.1.2.1 Anaerobic Metabolism
Anaerobic metabolism, commonly referred to as the glycolytic phase or glycolysis, generates two molecules of ATP

and nicotinamide adenine dinucleotide (NADH) occur in the cytoplasm. The overall reaction is:

CgHy506 + 2NAD™ + 2ADP + 2P; — 2NADH + 2C3H,03 + 2ATP + 2H,0 + 2H™ (1)

The synthesis of two ATP molecules from one glucose molecule involves ten chemical reactions, each catalyzed by

specific enzymes. Three strongly exergonic, irreversible reactions directly control the process:
e Hexokinase
e Phosphofructokinase
e Pyruvate kinase

These enzymes are activated or inhibited based on the presence of external agents that influence glucose breakdown
to pyruvate, the final product of glycolysis. Under pathological conditions, such as in cancer cells, the glycolytic
process is often dysregulated, leading to high pyruvate production.

3.1.2.2 Aerobic Metabolism
Aerobic metabolism takes over following glycolysis, utilizing the pyruvate produced in the presence of oxygen (Os).
Mitochondria, through mitochondrial respiration, use oxygen to produce additional ATP via the Krebs cycle and
oxidative phosphorylation, which is subdivided into two main phases: chemiosmosis and the electron transport

chain (ETC).
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- Krebs Cycle
The Krebs cycle, or citric acid cycle, begins with the oxidative decarboxylation of pyruvate by the enzyme pyruvate
dehydrogenase, converting it into the acetyl group of acetyl coenzyme A (acetyl-CoA). This molecule undergoes a
series of transformations, generating two ATP molecules per pyruvate. Since two pyruvate molecules are produced
from glycolysis, the Krebs cycle yields four ATP molecules in total [10].

- Oxidative Phosphorylation
Oxidative phosphorylation consists of the electron transport chain (ETC) and chemiosmosis. Two molecules
produced in the Krebs cycle, NADH and FADH, (flavin adenine dinucleotide), play a key role in energy release
and ATP synthesis. This occurs through a series of redox reactions involving protein complexes located in the

inner mitochondrial membrane. The activated complexes are:

Complex I (NADH: ubiquinone oxidoreductase)

Complex IT (succinate dehydrogenase)

e Complex IIT (cytochrome bey)

Complex IV (cytochrome c oxidase)

Complex V (ATP synthase), which facilitates chemiosmosis.

In addition, two minor components, ubiquinone (Q) and cytochrome ¢ (cyt ¢), help facilitate electron transport

between these complexes, enabling the synthesis of ATP [11].

2.1.3 Cell Respiretion in Cancer Cells

Cancer cells exhibit significant alterations in energy metabolism compared to healthy cells. One of the most
notable phenomena is the shift from aerobic respiration to anaerobic respiration, with a predominant reliance on
glycolysis and inhibition of oxidative phosphorylation and the electron transport chain. This metabolic shift is

known as the Crabtree effect.

e The Crabtree Effect and Metabolic Competition
At the core of the Crabtree effect lies a competition for ADP(adenosine diphosphate) utilization between
glycolytic enzymes and mitochondria. This competition reduces the availability of phosphate molecules
for oxidative processes. Even under optimal oxygen conditions, increased glycolytic activity is observed,
particularly involving phosphofructokinase 2 and the pentose phosphate pathway. This heightened activity

leads to greater lactate production, lowering the cytosolic pH and increasing cellular acidity.

e Consequences of Acidification and Oxidative Stress
The reduction in pH and inhibition of oxidative processes create a state of intracellular hypoxia, disrupting

the stability of redox levels required for normal cellular functioning. This condition induces severe oxidative
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stress, which activates alternative metabolic pathways to compensate for oxygen deficiency. Among these,

the oxidation of fatty acids and lipids are prominently activated.

e Angiogenesis and Tumor Growth
Decreased intracellular oxygen levels promote increased mitotic activity and stimulate angiogenesis, the
formation of new blood vessels, to enhance oxygen and nutrient supply. However, the nutrients delivered by

these vessels do not restore cellular pH but further fuel glycolytic phases, thereby promoting tumor growth.

e The Role of Glutaminolysis
One of the most critical compensatory mechanisms is glutaminolysis, which enables citrate production by
bypassing dehydrogenase activity in the Krebs cycle and without involving the mitochondrial respiratory
chain. This process is regulated by the transcription factor HIF-1 (Hypoxia-Inducible Factor-1), which
inhibits glutaminolysis, and the c-Myc gene, which increases glucose transport into the cell. Hyperactivation
of c-Myc in the tumor microenvironment reduces the number of mitochondria, further impairing metabolic

efficiency.

e The Importance of L-Glutamine
L-Glutamine plays a key role in regulating reactions that maintain physiological levels of NADH and NAD+.
These are essential for NADPH (nicotinamide adenine dinucleotide phosphate) synthesis during glycolysis,
which is required for lipid and DNA synthesis and the cell’s antioxidant system. However, an imbalance in
c-Myc activity under cancerous conditions can severely disrupt these processes, with detrimental effects on

the organism.

e Conclusions
The metabolism of cancer cells differs profoundly from that of healthy cells, displaying a shift towards
anaerobic glycolysis and inhibition of oxidative phosphorylation and mitochondrial respiratory chain activity,
which are the main sources of ATP in normal cells. These alterations, along with compensatory processes
such as angiogenesis and glutaminolysis, contribute to the survival and proliferation of cancer cells in a

stressful oxidative environment.[20]

2.2 ROS

Reactive oxygen species (ROS) are free radicals, also known as oxygen radicals. However, it is important to note
that not all ROS should be identified as radicals, as not all radicals are reactive species. In fact, the definition
of a radical is as follows: ”a free radical is defined as an atomic or molecular species capable of existing indepen-
dently and containing one or more unpaired electrons in its molecular orbitals” [12]. This means that while ROS
encompass various types of chemical species, not all possess the characteristic of being radicals, and some may
behave differently in a biological context. They are different types of cells that contain oxygen and are involved
in various redox signaling processes, but in some situations can also lead to oxidative damage. Changes in the

levels of ROS and consequent changes in the activity of redox-sensitive cellular processes are central to the field
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of redox signaling. This field involves the transmission of signals that regulate cellular processes through electron
transfer reactions. These reactions typically involve free radicals, redox-active metals such as iron (Fe) and copper
(Cu), or other reductive equivalents [5]. Indeed, this fact can indicate the presence of problems such as cancer

and inflammation.

The term ’reactive’ is relative: while Os and HsO5 selectively react with certain biological molecules, leaving
the majority unaffected, -OH indiscriminately attacks all molecules. ROS are formed constantly in our body as
small waste cells of natural metabolic processes that use oxygen (O3) to produce energy (oxidation). According to
the cells targeted to be protected, different antioxidants react with ROS. There is no ’best’ process in this sense;
it depends on the situation.

The common molecules (ROS) responsible for oxidative stress are:

e Superoxide radical anions O, produced enzymatically by the monovalent reduction of oxygen and involved
with physiological signaling and diseases. Most biological molecules are not attacked by these anions. They

can reduce transition metals.

Oy +e — O; (2)

e Singlet oxygen, O, exists in two singlet states, although only the Ag state (not a free radical) is of major
biological relevance. The singlet electron configuration makes this state much more reactive than ground-
state triplet Os. It can be formed by photosensitization reactions in which molecules such as porphyrins,
riboflavin, bilirubin, and chlorophyll absorb light and transfer this energy, and also via chemical reactions of

peroxyl radicals and HOCI, amongst others.

e Hydrogen peroxide, HoOs, obtained by cellular mechanisms of detoxification balance through the enzyme
superoxide dismutase:

0; + 20" + e~ — 20, (3)
is unreactive with most biomolecules and its main biological reactions are with haem, thiols, and peroxidase

enzymes.

e Hydroxyl radical, OH, results from the Haber-Weiss reaction:

05 + Hy05 — OH + OH™ + O, (4)

It reacts with whatever is adjacent to it at near diffusion-controlled rates.

e Nitric oxide (NO) has a crucial role in several physiological and biological functions, such as the prevention
of oxidative stress, cytokine activation, neurotransmission, and vascular homeostasis. Vascular homeostasis
is mediated by nitric oxide synthase (NOS), which regulates vasodilation and vasoconstriction in endothelial
vascular cells. At the same time, in phagocytic cells, high concentrations of nitric oxide provide potent

cytotoxic properties, enabling the destruction of harmful microbial species to protect the organism [12].
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e Nitrogen dioxide radical, NOs, undergoes addition reactions with radicals derived from tyrosine, trypto-
phan, lipids, and DNA bases (for example, guanine) to give nitrated products (for example, 3-nitrotyrosine,

nitrotryptophans, nitrolipids, and nitrated DNA bases). Some nitrated products have signalling functions.

e Peroxynitrite, NOj, results from the reaction of superoxide anions with nitric oxide:

0; +NO — NO3 (5)

e Hypochlorous acid, HCIO, and HOBr,

Hy0, + HT 4+ C1™ — HCIO + H,0 (6)

where MPO (myeloperoxidase) is a peroxidase enzyme that in humans is encoded by the MPO gene on
chromosome 17. Strong oxidants, major reactions are with thiols and methionine. Reactions with amines
generate secondary chloramines/bromamines, which retain less (but still considerable) oxidizing ability. Re-
act rapidly with thiocyanate (SCN™), present at high levels in many body fluids, to generate HOSCN (which

is also generated by peroxidases); HOSCN is less reactive and highly specific for thiols.
e Carbonate radical anion is fairly reactive, oxidizing guanine in DNA| cysteine, tyrosine, and tryptophan.
e Lipid radicals with unpaired electrons.

e Peroxynitrite, ONOO~ and ONOOH, direct reactions with thiols and transition metals; reacts with CO4 to
give nitrosoperoxycarbonate (ONOOCO5 ). Peroxynitrite itself can oxidize several biomolecules or homolysis

of peroxynitrous acid can generate OH [1-6].

ONOOH — NO3 + H* (7)

Reactive Oxygen Species (ROS) within cells play a crucial role in the organism’s behavior. Recent literature,
for example, has focused on ROS generated in the mitochondria, where it has been observed that tumor

necrosis factor (TNF)-a and interleukin (IL)-1-induced apoptosis may involve mitochondria-derived ROS.

Within the endoplasmic reticulum (ER), reactive species also play a significant role in cellular signaling,
such as in the oxidation of lipids and proteins, or in the detoxification of drugs carried by lipid carriers.
In peroxisomes, also located in the ER, there is a significant enzymatic production of HoOs, which plays
a fundamental role in liver and kidney cells, where ethanol is detoxified before entering the bloodstream.
Moreover, together with mitochondria, peroxisomes contribute to the ([-oxidation of fatty acids through

oxidative reactions.
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Lastly, in the plasma membrane, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase has a de-
fensive role against microorganism invasion. This process is based on electron catalysis, reducing Oz to O3
with NADPH as the electron donor through the transmembrane protein cytochrome b558 (a heterodimeric

complex).

Almost every cellular district in our body maintains a delicate balance mediated by ROS production, which

may act as a precursor to disease or pathology.

Once all these mechanisms were understood, the focus was on constructing and proposing pathways with
possible causes and reactions that could result from various ligand-receptor interactions mediated by ROS

(Figure 1).

- - CANG D 5-HT
R‘L’T GPCR
*HQ
/ﬂ]\
PLASMA PLASMA

MEMBRANE MEMBRANE

p21““ Smads NAD(P)H
+ Sre kinases Oxidase
Rac (adhesion-dependent)
Activation of a membrane-associated
oxidase complex (?gp91# homelogue) Regulation of the H,0,/0,”
ﬂ actin cytoskeleton (ANG II)/ \(S—HT)
0,7/H,0, ] p3s ERK-1/2
[nhibiti F protei Myofibroblast MAPK MAPK
nhibition of protein - -
tyrosine phosphatase(s) differentiation 11 U
[? other targets] Cell Cell
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Cell proliferation

IMMORTALIZED FIBROBLASTS (NIH 3T3)  PRIMARY LUNG FIBROBLASTS VASCULAR SMOOTH MUSCLE CELLS
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Figure 1: Proposed signaling pathways activated by specific ligand-mediated reactive oxygen species (ROS) production
in nonphagocytic cells. A: mitogenic signaling by ROS in response to platelet-derived growth factor (PDGF) has been
primarily studied in NIH/3T3 cells, although a similar pathway may also be activated in vascular smooth muscle cells and
primary lung fibroblasts . One of the proposed mechanisms of this effect is ROS-mediated inactivation of protein tyrosine
phosphatase (PTP)-1B. EGF, epidermal growth factor; RTK, receptor tyrosine kinase. B: in primary lung fibroblasts,
transforming growth factor (TGF)-b1 induces Src kinase(s)-dependent myofibroblast differentiation and activation of a cell
surface-associated H202-generating NADH oxidase. In mouse osteoblastic cells, TGF-bl-induced extracellular H202 has
been shown to activate egr-1 in an autocrine manner. RS/TK, receptor serine/threonine kinase. C: in vascular smooth
muscle cells, both angiotensin (ANG) II and serotonin [5-hydroxytryptamine (5-HT)] activate a NAD(P)H oxidaselike
enzyme that generates intracellular ROS. ROS-mediated activation of the p38 mitogen-activated protein kinase (MAPK)
pathway appears to mediate ANG II-induced cell hypertrophy, whereas the extracellular signal-regulated kinase (ERK)
1/2 MAPK pathway mediates serotonin-induced cell proliferation. GPCR, G protein-coupled receptor; 5-HT TRP, 5-HT
transporter.

However, as highlighted in the following table, many ligand-receptor interactions in specific tissues, mediated
by reactive species, still lack a description of their functional or pathological effects (Table 1). Tt is also unclear
how ROS generation leads to reaction cascades that can contribute to the development of degenerative

diseases.
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Ligand Reactive Species | Enzymatic Source(s) Cell or Tissue Functional (or
Pathophysiological)
Effects
TNF-« 057, H202 NADPH oxidase Fibroblasts Unknown
Og_ Unknown Endothelial cells Unknown
(O NADPH oxidase Mesangial cells MCP-1, CSF-1 expres-
sion
H>0- Flavoprotein oxidase Chondrocytes IL-1 induction
Unspecified Mitochondria Fibroblasts NF-B activation, IL-6
induction
+IL-1 Unspecified Unknown Breast carcinoma cells HSP27 phospho-
rylation, COX-2
expression
+IFN-~ Unspecified Flavoprotein oxidase Microglial cells Unknown
1L-1 037, H202 NADPH oxidase Fibroblasts Unknown
O;_ Unknown Smooth muscle cells MCP-1 induction
057 Unknown Dog tracheal cells Myocardial  dysfunc-
tion
IFN-~ 05~ Endothelial cells Endothelial cells VCAM-1 expression
H202 Cyclooxygenase Unknown Antibacterial action
PDGF Unknown Hs09 BALB/3T3 cells “Competence factor”
for cell growth
03~ Flavoprotein oxidase Smooth muscle cells Mitogenesis, MAPK
activation
(O Unknown NIH/3T3 cells NOS expression,
PGEx> release
EGF 057 Flavine enzyme Epidermoid carcinoma NF-B-dependent
MCP-1 induction
H202 Unknown HaCaT cell line Tyrosine phosphoryla-
tion, cell growth
Unspecified Unknown HaCaT cell line JNK activation
05_ Unknown Hepatocytes DNA synthesis
H202 Lipoxygenase PC12 ERK activation
HB-EGF Og_ Unknown Rat mammary CA cells HB-EGF shedding,
MAPK activation
FGF-2 Ho09 Flavoprotein oxidase Chondrocytes HB-EGF activation
IGF-1 H209 Plasma membrane Lung fibroblasts c-fos induction
Ho09 Unknown 3T3 Ll-pre-adipocytes Adipocyte differentia-
tion
HGF H>0- Unknown Sarcoma cells Apoptosis
TGF-51 H>09 Unknown Mouse osteoblasts Growth inhibition; c-
erb-1 induction
H20O2 dependent Unknown Endothelial cells Growth inhibition

H20O-

Suppression of AOE

Rat hepatoblasts

Growth inhibition

Ly

035~ NADH oxidase Lung fibroblasts Unknown
H202 Unknown Pancreatic beta cells Apoptosis
H209 Suppression of AOE Hepatic stellate cells 1(I) propeptide, TGF-
induction
Angiotensin II O;_ NADPH oxidase, p22Phoz Smooth muscle cells Cell hypertrophy, p38
activation
(O Unknown Proximal tubule cells p27KP1 cell hypertro-
phy
03~ NADPH oxidase Mesangial cells Collagen expression
05_ PI3D-dependent oxidase Vascular smooth muscle cells | Proliferation/hypertropl
Serotonin (o4 Unknown Smooth muscle cells ERK activation
OH Unknown Rat striatal tissue 5-HT uptake
Bradykinin 0357, H202 Cyclooxygenase dependent Endothelial cells Unknown
03~ Unknown, Ca?t dependent Human keratinocytes Unknown
Thrombin 05_ NADPH-like enzyme Endothelial cells Unknown
Endothelin (o4 NADPH oxidase, p47Phor Smooth muscle cells Cell growth, p38 acti-
vation
Glutamate H20O- Unknown Cardiac myocytes Unknown
057 Mitochondria, Zn?* dependent | Neurons Unknown
Acetylcholine H202 Mitochondria Cardiomyocytes Preconditioning

Table 1: ROS, reactive oxygen species; TNF-a, tumor necrosis factor-a; MCP-1, monocyte chemoattractant protein-1;
CSF-1, colony-stimulating factor-1; NF-kB, nuclear factor-kB; IL, interleukin; HSP27, 27-kDa heat shock protein; COX-
2, cyclooxygenase-2; IFN-g, interferon-g; PDGF, plateletderived growth factor; MAPK, mitogen-activated protein kinase;
NOS, nitric oxide synthase; EGF, epidermal growth factor; JNK, c-Jun NH2-terminal kinase; PLA2, phospholipase A2;
HB-EGF, heparin-bound EGF; FGF-2, fibroblast growth factor-2; IGF-1, insulin growth factor I; HGF, hepatocyte growth
factor; TGF, transforming growth factor; AOE, antioxidative enzyme; PLD, phospholipase D; 5-HT, 5-hydroxytryptamine
(serotonin); ERK, extracellular signal-regulated kinase.

10
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The mechanisms that activate ROS production can be divided into two categories:

1. Alteration of intracellular redox state:

The cytosol, compared to the extracellular environment, is maintained in highly ”reducing” conditions,
thanks to the "redox buffering” capacity of intracellular thiols, primarily glutathione (GSH) and thioredoxin
(TRX). The high ratios of reduced to oxidized forms of GSH and TRX are maintained by the activity of GSH
reductase and TRX reductase, respectively. These redox systems counter intracellular oxidative stress by
reducing hydrogen peroxide (H202) and lipid peroxides, with the help of peroxidases (e.g., GSH peroxidase

catalyzes the reduction of HyO2 to H20).

In addition to their antioxidant function, GSH and TRX participate in cellular signaling processes. GSH
regulates redox signaling by altering both total GSH levels and the ratio between its oxidized (GSSG) and
reduced (GSH) forms:

H,0s + 2GSH — 2 H,0 + GSSC (8)

GSH depletion is associated with reduced cell proliferation in vascular endothelial cells and increased prolif-
eration of fibroblasts. The growth inhibition induced by transforming growth factor (TGF-£1) in endothelial

cells is accompanied by a decrease in GSH, and restoring intracellular thiols partially reverses this effect.

TRX, a small multifunctional protein with two redox-active cysteines, regulates the activity of some proteins
by directly binding to them. TRX has been shown to inhibit apoptosis signal-regulating kinase-1 (ASK-1)
by binding to its N-terminal domain, and both tumor necrosis factor-a (TNF-«) and reactive oxygen species
(ROS) activate ASK-1 by inducing TRX dissociation. Additionally, TRX can translocate from the cytosol

to the nucleus in response to oxidative stress and regulate gene expression through redox factor-1 (Ref-1).

2. Oxidative modification of proteins:

Reactive oxygen species (ROS) can alter the structure and function of proteins by modifying critical amino
acid residues, inducing protein dimerization, and interacting with Fe-S clusters or other metal complexes.
Oxidative modifications of cysteine residues are particularly relevant, as the sulfhydryl group (-SH) of cys-
teine can be oxidized into different forms, such as sulfenic (-SOH), sulfinic (-SO2H), sulfonic (-SO3H), or
S-glutathionylated (-SSG). These modifications can alter enzyme activity or the ability of transcription fac-
tors to bind to DNA.

One example is protein tyrosine phosphatase (PTP-1B), whose activity is inhibited by reversible oxidation

of its catalytic site (Cys215) caused by ROS, a mechanism associated with mitogenic signaling mediated by

11
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epidermal growth factor (EGF).

ROS can also induce the formation of intramolecular disulfide bridges between cysteines within the same
protein, altering protein conformation. This process is well documented in bacteria but is hypothesized to be
relevant in mammals as well. For instance, the transcription factor p53, capable of wrapping around DNA,

is regulated through the oxidation and reduction of cysteines near its DNA-binding site.

ROS can induce protein dimerization through the formation of intermolecular disulfide bridges, as seen in
TNF-a-mediated ASK-1 activation. TRX dissociation from the ASK-1 complex, induced by oxidation, leads
to ASK-1 activation. Similarly, the dissociation of glutathione S-transferase p-isozyme (GSTp) from c-Jun

NHs-terminal kinase (JNK) activated by ROS promotes signal transduction.

Lastly, ROS can influence protein dimerization and polymerization through the formation of dityrosine bonds
or the oxidation of metal complexes, such as iron-sulfur clusters, with implications in protein stability and
cellular regulation [12].

2.2.1 Mathematical and Physical approaches of ROS: Ions fluxes and the Electrons

If we want to investigate the physical and mathematical approaches for defining ROS, we meet perhaps the most
fascinating area and is currently the focus of extensive research, thanks to the variety of approaches and the

differences in the scales involved.

We begin at the micrometer scale, where the focus is on cellular conformation and the behavior of cells in
macroscopic systems. Going further down, we reach the nanometer scale, which allows the analysis of molec-
ular interactions. At the picometer scale, quantum effects can be observed, requiring an approach different
from classical physics. In some studies, research has even gone below the atomic scale, exploring the world of

particles—an emerging field within biophysics.

In this context, we will briefly discuss how ROS (reactive oxygen species) play a crucial role in cellular respi-

ration and structural organization, across these different scales.

The Concept of “Control” in Living Systems

Biological systems are based on the concept of control. The main control systems are:

e Phosphorylation

o Cells

12
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o Tissues

In biological systems, the exchange of substances and substrates takes place through mechanisms that always

aim to ensure the safety of cellular life.

Control of Cellular Respiration

There are several theories concerning the control of cellular respiration, often focusing on specific areas of the

cell. One of the most important centers around the mitochondrion, considered the control center of respiration.

The process involves various enzymatic systems:

e Electron Transport Chain (ETC), divided into four complexes and two cofactors:

NADH dehydrogenase
Ubiquinone (Q)

— Cytochrome bcl complex

Cytochrome ¢

Cytochrome oxidase
e HT-ATPase
e Adenine nucleotide carrier

e Proton conductance through the inner membrane

The rate of respiration is described by a linear thermodynamic equilibrium between the driving forces in the

ETC according to the formula:

2AFEh — nAp
where:
e AFEh is the reduction potential difference in the ETC
e n is the stoichiometric ratio H* /OH" in the ETC
e Ap is the proton motive force (PMF)

An accepted theory suggests that a decrease in PMF increases electron transport, inducing thermodynamic
or kinetic effects, or both, in the mitochondrion. However, this formulation assumes a linear exchange between

chemical species, which does not always occur.

13
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Near-equilibrium Hypothesis
To address the observed non-linearity, the near-equilibrium hypothesis has been proposed, according to
which the main regulator of respiration is cytochrome oxidase, the only compartment of the ETC far from

thermal equilibrium.

The system’s equilibrium is maintained by several parameters:

Concentration of Oy

Activity of cytochrome oxidase
e Reduced state of cytochrome ¢
o AG, (extramitochondrial phosphorylation potential)

AG),, works closely with the ATP/ADP ratio. However, with the shift to anaerobic respiration, this theory

loses validity.

Dynamic Irreversibility Approach

To solve the problem of anaerobic respiration, the dynamic irreversibility model has been proposed, which
is effective if the flows and controls behave linearly. This approach relies on the Onsager reciprocal relations,
which explain symmetry and linearity in cellular processes. The required parameters, however, often need to be
obtained numerically.

Metabolic Control Theory (MCT)

Another important theory is Metabolic Control Theory (MCT), which considers both global and local

control in substance exchange.

Global Control

The effect of infinitesimal changes in a parameter P; on a flow J is analyzed while keeping all other parameters

constant.
Formula:
OolnJ
) =
! Olnw;
where:
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e J is the metabolic flux

e v; is the activity of enzyme or transporter @

Interpretation:

o If changing v; results in a large change in J — high control
e If the change is small — low control

The sum of the control coefficients is equal to 1:

S =1 )
i=1

Local Control

It is measured as how an effector X; directly influences an activity v;:

i Xj d’l}i - d(lnvz)
e =32 (i) = ) (10

The limits of Metabolic Control Theory
e Difficulty in obtaining reliable experimental data (requiring specific inhibitors)
e Valid only for specific experimental conditions

e Complexity in identifying the action of external effectors
The steps through which this control occurs at the cellular level are:

1. Adenine nucleotide carrier exports ATP* and imports ADP?

2. Ht-ATPase is activated above a certain Ap threshold

3. Phosphate carrier managed through antiport/symport phosphate-OH™/H*

4. Cytochrome oxidase dependent on pH and AG,

5. Cytochrome bcl complex influenced by A and ApH

6. NADH dehydrogenase controls the NADH/NAD™ and succinate/fumarate ratios
7. Other involved complexes:

e Electron flavoprotein ubiquinone oxidoreductase
e Alpha-glycerophosphate dehydrogenase
e Sulfite oxidase

e Cytochrome bb system
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8. Succinate dehydrogenase activated by QHs, succinate, fumarate, and oxaloacetate; decarboxylase carrier

catalyzes carboxylates, phosphates, and inorganic anions

In conclusion, we can say that the Metabolic Control Theory is a powerful tool for understanding complex
physiological processes in the cell. However, the main limitation remains the difficulty in obtaining reliable exper-

imental data on a large scale, making the creation of objective models of cellular macrocompartments complex.[22]

Over time, several mathematical models have been proposed to study and simulate the production of reactive
oxygen species (ROS) at the macroscopic level. These models provide a rather comprehensive framework of the

enzymatic activities within the mitochondria that collaborate in ROS production.

Before analyzing these models, it is necessary to introduce some biochemical concepts regarding mitochondrial

compartments and the forces that regulate the exchange of chemical species.

Focusing on the electron transport chain (ETC), it can be stated that the signals emitted by this chain are
an important indicator of cellular health. The ROS produced at the level of the ETC are quantitatively the
most relevant compared to the rest of the cell. The process of ROS production originates from the increase in
molecular oxygen (O3) that permeates through the outer mitochondrial membrane (MOM, Mitochondrial Outer
Membrane). During ROS production, not only oxidative processes are involved, but also antioxidant defense mech-
anisms managed by molecules such as: superoxide dismutase (SOD), glutathione peroxidase (GPx), thioredoxin

(TRx), vitamin C, vitamin E, and glutathione (GSH), which oxidizes to glutathione disulfide (GSSG).

The main sites of ROS production in the mitochondrion are:

Tricarboxylic acid cycle (TCA);

e Monoamine oxidase (MAO);

2-ketoacid dehydrogenase complex (OADHC);

e Mitochondrial glycerol-3-phosphate dehydrogenase (DHDOH);

Electron transfer flavoprotein (ETF).

Studies mainly focus on the reduction and oxidation processes of Oz into superoxide anion (O3 ) and hydrogen
peroxide (H202). Numerous attempts have been made to describe, both globally and locally, the production of
ROS in the ETC. However, due to the specific localization of production, it is simpler and more precise to model

the phenomena at the level of individual mitochondrial districts.

The Complexes of the Electron Transport Chain
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The mitochondrial ETC is primarily composed of four complexes:
e Complex I;

e Complex II;

e Complex IIT;

e Complex IV.

All complexes, except for Complex I, are encoded by both nuclear and mitochondrial DNA. Additionally, the

complexes can associate into larger structures called supercomplezes.

During the ETC, the movement of electrons is configured as a migration of protons (H™) donated by NADH
and FADH, to Complexes I and II, respectively. The electrons are then transported by coenzyme Q (ubiquinone)

from Complex II to Complex III, and subsequently from Complex IIT to Complex IV via cytochrome c.

In Complex IV, electrons are used to reduce Oy to HoO, while simultaneously HT ions are pumped from the

mitochondrial matrix to the intermembrane space.
Among the complexes, Complex I (CI) and Complex III (CIII) are considered the main ROS producers.

Complex I (CI)

Complex I, also known as NADH-ubiquinone oxidoreductase (or NADH dehydrogenase), is the largest in the

chain, with approximately 44 subunits and a total weight of about 1 MDa. The catalyzed reaction is:

NADH + 2H" + Q +4H iy ¢ NAD + QH, +4H (11)

(matrix (intermembrane space)

In this reaction, the reduction of Q to QHs allows the transport of protons to the intermembrane space. The

main active sites for ROS production are:

e FMN (flavin mononucleotide), located at the flavin site (If):

FMNH™ + Oz +— FMNH + O

e Iron-sulfur clusters (FeS), predisposed to receive electrons.
e Semiquinone Q~ binding site (site Iq).
Complex I can operate in two functional states of the ETC:

e FET (Forward Electron Transfer): normal electron flow towards Complex IV, associated with alow NADH/NAD*

ratio and low ROS production.
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e RET (Reverse Electron Transfer): reverse electron flow, with an increased NADH/NAD™ ratio and higher

ROS production, often under conditions of succinate accumulation.

The RET process is inhibited by rotenone, an antioxidant that restores the normal electron flow (FET).
Complex III (CIII)

Complex III, or cytochrome bcl, is a symmetric dimer composed of 11 subunits per monomer. Electron transfer

occurs through the coenzyme Q cycle (Q-cycle):

QH, + 2Cyt-c(Fe™) + 2H{ )« Q 4+ 2Cyt-c(Fe™ ) + 4HE e conce) (12)
The cycle involves:
e Rieske iron-sulfur protein (ISP);
e Cytochrome ¢; (Cyt-cq);
e Cytochrome ¢ (Cyt-c);

e Cytochrome b (subunits b; and bp,).
The Q-cycle is carried out in two phases, each involving the oxidation of one molecule of QHs and the sequential
reduction of cytochrome ¢ and semiquinone.

Key Parameters in ROS Production

ROS production in the ETC depends on:

e NADH/NAD™ ratio;

e QH-/Q ratio;

e Transmembrane proton-motive force (PMF);
e Mitochondrial membrane potential (A, );
e Oxygen (O3) levels.

PMF can be expressed as:

PMF(mV) = At (mV) — 60 - ApH (13)

PMEF is closely linked to ATP synthesis through ATP synthase (F1Fo-ATPase) and the activity of the adenine

nucleotide translocase (ANT). High values of PMF, particularly of At,,, promote ROS production, while the
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contribution of ApH is particularly noticeable during RET.

Modeling PMF can be performed using;:

e Hill function:
a” Ay,
k™ + Ayn,

e Boltzmann function:
1

1+ exp (Ll’;:ft)

where a, n, k, and t are experimentally determined parameters.

Role of Molecular Oxygen

Molecular oxygen (O2) plays a crucial role in Complex IV of the ETC, where it is reduced to water. The
percentage of oxygen consumed by the mitochondrion (OCR, ozygen consumption rate) ranges from 0.1% to 4%
of the total cellular oxygen. However, it is difficult to distinguish the specific sites of ROS production from the

utilization of Os.

In the mitochondrial matrix, MnSOD converts O5 to HyOg, while in the intermembrane space, this function is
performed by CuSOD. Hs0O5 is then degraded to HyO by enzymes such as TRx, GPx, PRx, and catalases, along

with antioxidants like vitamin C, vitamin E, and GSH.

Main Sites of ROS Production

The main mitochondrial sites of ROS production are:
o Site I1I,0;

o Site Iy;

e Site Iy.

ROS production progressively decreases from Ill,o to Ir. ROS are mainly generated in the mitochondrial

matrix, except for site IIl,o, which also produces ROS in the intermembrane space.

Finally, ROS production can vary depending on:
o Cell type;
e Energy demand;

e Type of oxidized substrate;

19



Thesis aa.2025-2026

e Amount of available QHs.

As we seen [23, 24], the cell alters its electrochemical and biochemical conditions, with direct consequences on
physical and energetic stability, which must always be maintained in physiological equilibrium. An alteration of

this balance can lead to the development of chronic diseases, such as cancer.

The cell modifies its metabolism and related energy demand. Therefore, it is possible to describe, from a

physical and thermodynamic perspective, what happens at the interface of the cell membrane.

In the 1930s, Warburg observed that tumor cells use fermentation for respiration, generating an energy imbal-
ance. This implies an increase in glycogen consumption in the cytoplasm and a strong inhibition of mitochondrial

activity, which can be interpreted as a predominantly convective thermodynamic imbalance.

Convective Thermal Model
The cell can be modeled as an open isotermic system that exchanges heat with the environment through the

membrane:

. dT e a-V
Q = peett -V + Ceell - T_a.4. (Teen — To) = - (Teen — To) (14)
dt (r)
From which we obtain:
Teen — Tt 1 1
d( cell 0) . _ (&7 _ (15)
dt (Tcell - TO) Pcell * Ceell * <T> T

Where:
e A is the area [m?]
e c is the specific heat [J-kg™'-K™!]

e () is the heat [J]

Q is the thermal power [W]

r is the volume/surface ratio [m]

t is the time [s]

T is the temperature [K]

V is the volume [m3]

e « is the convection coefficient [W-m=2.K~}]

peell is the cell density [kg-m ™3]

20



Thesis aa.2025-2026

e 7 is the characteristic time [s] of temperature convection exchanged on the surface of the cell with the external

environment

The behavior can be modeled as a circuit with resistance and capacitance in parallel:

O

The membrane proteins reduce the resistance of the lipid bilayer, which acts as a variable capacitor.

The current is described by:

_ Ay

1t =

e_t/Tcirc (16)
Where:
e I(t) represents the current flowing through the circuit (A);

e R is the resistance expressed in ohms (2);

e A¢ (mV) is the membrane potential, which can be calculated, for example, using the Goldman-Hodgkin-Katz

equation:

R, T
Ap = I3 -logy (

Pya[Na't], + Px[K"], + P [01]o>
Pra[Na't]; + Px[KT); + Poi[CL7];

e where:

P represents the permeability of the considered ion;
— [ ] indicates the concentration of the ion;

R, is the gas constant, equal to 8314 Jkg 'K~ 1;

— Fis Faraday’s constant, equal to 96 485 Asmol .
o Teire = RC' is the time constant of the circuit, where C is the capacitance [F];
e The inverse of the time constant, v; = ﬁ, represents the resonance frequency [Hz].

This resonance frequency is correlated with the power of the dissipated heat emitted from the surface of the

membrane, which is given by:

. R-? . 27t
Q) = Yin - - sin? (T. ) (17)
1 Clrc
2 2 —
\/R + TCITC <271_C>

Where ¢,,, (in mV) represents the maximum value of the electric potential of the electromagnetic wave. The

cell thus has a characteristic depolarization time, and this implies that there is also a characteristic resonance time
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and a specific frequency.

The heat exchanged over the characteristic time becomes:

_ Q@ _ To-AScen
T T

Q (18)
Where:
o Secon is the entropy of the cell [JK™!]

e Tj is the temperature of the extracellular environment [K]

Using Gibbs free energy, it is also possible to evaluate whether thermal exchanges occur according to physio-

logical principles, making considerations about possible pathological states of the cell, which we will discuss shortly.

Thus, if,

& — AH — TO 'AScell

T T

(19)

Where H is the enthalpy (J) of the reaction, we can use the free energy of the membrane potential to express:

2.3- R, - Ty ApH

AG = Ap — 20
@ 7 (20)
From which we derive:
. 23-R,-Ty-ApH
Ap=Q + 0 =P (21)
F
With a variation in ionic concentration according to the law:
Ap
out — Xin * - 22
Xout = X eXP( RM.T()) (22)

These equations allow for effective empirical evaluations of the cell’s health status. For example, considering
the ionic species calcium and the associated ionic exchange at the membrane interface, it is possible to correlate

this thermal exchange modeling to hypotheses about the physiological or pathological state of the cell.

It is known that, under physiological conditions, the calcium concentration in the extracellular zone is approx-
imately 1500 pM, while inside the cell it is around 0.1 pM. These values, measured at the cell membrane interface,
provide an important indicator of the cell’s health status. When a pathological state occurs, such as in cancer, the
ionic exchanges and concentration variations between the inside and outside of the cell become altered, providing

clear indications of thermodynamic imbalances present in the system.
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Analyzing the thermal efficiency of the cell under both physiological and cancerous conditions, a significant

decrease has been observed: it goes from an efficiency of approximately 81% to around 58%.

These results demonstrate how tools based on thermodynamic and electrophysical models are truly effective

in quantitatively understanding the states and living conditions of biological systems.[25, 26]

Having arrived at this point, approaches have been seen that focus on understanding the biological world from
a macromolecular perspective, where only certain parts were considered but still composed of thousands of atoms.
Subsequently, a method was introduced to investigate cellular processes through functions that described the en-
ergy processes of the cell at a thermodynamic level. All of this makes sense and works very well, as observed, when
higher scales than tens of nanometers are used. However, when moving from the molecular world to the atomic
one, the conditions for the occurrence of biological phenomena change radically, and many physical models lose

their validity.

This is due to the fact that we enter another physical domain, the quantum domain. When studying the atomic

or even molecular world, it is important to remember that we are operating on a nanometric scale. In physics,
h

when studying a behavior, one must choose the physical model to use. If the action A ~ h = 7 ~ 1.054x 10734 Js,
s

with h = 6.62607015 x 10734 Js being Planck’s constant, then the model is of the quantum type. Only when A > &

can classical physics be applied.

On the atomic scale, it is thought that the transfer of Na™ ions across the membrane occurs through the
tunneling effect, due to a specific Hartman effect of the channel and ion transfer. Considering a biological system
at the atomic level, we enter a very complex environment full of molecular structures interfacing on the surface.
On this surface, numerous ions are found, confined in specific zones: positive ions in low-potential areas, negative
ions in high-potential areas [26]. This confinement is due to the Coulomb attraction of the CO5 ™ ion, which
generates localized electric fields with very high gradients. Even at the membrane interface, intense quantum

activity occurs, with electric potentials of the order of 107 V /m.

The exchanges at the membrane occur on a nanometric scale or lower. In addition to the classic electrodynamic
mechanism of ion passage, such as Nat and K*, many exchanges occur against enormous concentration gradients.

A dimensional analysis of the energies involved shows that the energy has dimensions
[E] =ML*T?

. From the relation E = hv — W, where v is the frequency and W the work, Planck’s constant is numerically
justified in the molecular world, with

|n| = ML*T!
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. The Lagrangian action term incorporates the units of Planck’s constant, and it is observed that:

A2 = |E| - |M] - |LP?

Thus, the use of classical theories is useful only for physical events much larger than the Planck scale. What
characterizes an action in the membrane is the scale of the events (in Angstrém), the average energy linked to

thermal agitation (about 300 K), and the mass of a Na™ ion, which is approximately 4 x 10726 kg.

Substituting these values, we obtain:

A=LVEM =101 /4 %1026 .5x 102! ~ 1.4 x 107" Js ~ 21 (23)

This raises the problem of formulating a classical theory of membrane electrodynamics. The next step is to
demonstrate that the tunneling effect is a phenomenologically grounded phenomenon. The average energy of the

ions is E = 5 x 1072! J, corresponding to the thermal agitation at 300 K. The classical average velocity will be:

1 [2F
5J\4v$n:fE:>vm= M%5><102m/s (24)

Considering a transmembrane potential difference Ay =7 x 1072V, we have:

Vo=Ap-e=7x10"2.1.6 x 107 ~ 1.1 x 10720 (25)

This value is approximately twice the average energy of the ion, indicating that the barrier should be impen-
etrable. According to Heisenberg, AE - At < h, every particle has quantum fluctuations over a time interval and

can acquire extra energy due to its thermal agitation. If £ 4+ AFE > V), then the ion can cross the membrane:

1 2(FE + AE —
van:E+AE—VO:>vm:\/(+VO) (26)
2 M
Let the length of the barrier be a = v,, - At, with At < A—hE, we obtain:
20E4+AE—-Vy) h
aAzre/|= 00 0 s
\/ M AE =" @7)

If AE =2(Vy — E), corresponding to the maximum energy peak, we have:

2(Vo — B)

i a<h

For At =5 x 10~ s, it results in v, = 1.6 x 10°m/s, a high value that confirms the Hartman effect, or the

tunneling effect, where the size of the barrier becomes irrelevant. The transmission factor will be:

_4E(Vy - B) M(Vy — E)
Tr = V0702 exp (—2 02a> (28)
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For a = 7Tnm, corresponding to the average membrane thickness, we obtain Tr & 1, confirming the passage
of the particle. Finally, it must be remembered that the ion disregards its wave-particle duality, as related by De

Broglie:

A= = (29)

At 300 K, with v = 500m/s, we have A ~ 3 x 10711 m, while the sodium channel measures 200-500 nm, much

larger.[27]

Remaining on this topic, in the 1960s Longuet-Higgins stated that quantum mechanics could only describe a
few biological phenomena. However, today we know that many biological processes involve non-trivial quantum

effects, which are well known and under active investigation.

A significant example is the photosynthetic process: in it, protein-pigment complexes collect sunlight and trans-
fer energy in the form of electronic excitation. This process fuels cellular biochemistry and exhibits a quantum

efficiency of 95% or higher.

Among the most studied quantum effects today is quantum tunneling, already described in the previous
section. This phenomenon implies that a charged particle (such as a proton, an ion, or an electron) can cross an

energy barrier that, according to classical physics, would be insurmountable.

K o exp (—21/ 2mhAE -r) (30)

The transmission coefficient of a quantum energy barrier represents the probability that a particle succeeds
in crossing it, and it decreases exponentially with the increase of the tunneling distance r. This coefficient also
depends on the mass m of the particle and on the height of the potential barrier to be crossed (denoted as AE).

The smaller the value of AE, the more favorable the tunneling process.

A particularly interesting aspect is that tunneling processes can be facilitated by the presence of proteins on
the cell membrane, which can increase the probability by a factor of ten compared to vacuum conditions. This
transfer largely depends on the conformation of the membrane protein, which may define specific pathways along
which electrons or protons move. These paths are often guided by weak interactions such as Van der Waals forces.
However, the nature of these pathways is still debated: it is unclear whether proteins have evolved to favor tun-

neling or whether such phenomena are merely the result of random processes.

The role of proteins in facilitating tunneling was first addressed by Frohlich, who proposed the idea that

Bose-Einstein condensates could exist even at life-compatible temperatures, not only near absolute zero. His
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theory hypothesized the presence of oscillating structures within the cell—such as microtubules—capable of dis-

tributing perturbations generated by biophotons and generating quantum coherence states in the cytoplasm.

It was later discovered that the conformational states of the cell strongly depend on vibrational modes and
movements of neighboring cells. Some vibrations may favor quantum transfer, while others may hinder it. Co-
herence—that is, quantum ”synchronization” between states—can be favored if the cellular environment is well-

structured and highly correlated.[28]

Thus, the tunneling effect is not only a theoretical problem but has also been experimentally demonstrated to
exist, and it is a powerful means of recording signals emitted by electron transfer through membranes. Indeed,
thanks to the ability to record quantum biological electron transfer (QBET), through the use of gold plasmonic
nanoparticles (GNPs), we have been able to understand how electrons move during the reduction and oxidation
phases of cytochrome c in cellular respiration. Using GNPs, real-time imaging studies of this enzyme (cyt-c) have
been conducted, leading to insights into how cell death and necrosis are regulated. Imaging, in fact, through the
administration of specific chemicals (ethanol and Triton X-100) such as electron transfer (ET), produced specific
signals on the surface plasmon of the GNPs based on the condition of apoptosis or cellular necrosis. Thus, studying
quantum effects inside cells could be a new step towards the discovery and diagnosis of physiological conditions

that until now have not been fully understood.[29]

It is evident that during the cell’s metabolic processes, there is a continuous exchange of energy that regulates
various cellular functions. Recent studies have revealed the presence of ultra-weak, permanent, and spontaneous
biophoton emissions in living systems. These biophotons are caused by the effects of bioluminescent reactions of

radicals—rather than by ROS or reactive nitrogen species (RNS)—which occur in the mitochondria.

In neuronal cells, which constantly emit biophotons, these flows of pure energy enable the regulation of the
opening and flow of Ca?" and K% ions within the cell. All of these processes are supported by the synergistic

interaction between mitochondrial movements and microtubules (MTs).

Microtubules are cylindrical structures that are part of the cytoskeleton, composed of alpha and beta tubulin.
The internal diameter is 17 nm, while the external diameter reaches 25 nm. Their formation depends on oxidative
phosphorylation processes and the calcium ion flow. Since the rapid movements of mitochondria are MT-based, the
cell’s oxidative state—caused by mitochondrial activity—is directly linked to MT vibrational modes and calcium

flux.

An additional property of mitochondria is their significantly higher refractive index compared to the surround-
ing cytoplasm. Consequently, both MTs and mitochondria can behave like waveguides similar to optical fibers,

acting as actual quantum electrodynamics (QED) cavities.
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To theorize the relationship between biophotons and their propagation via microtubules, it was first necessary

to solve the Hamiltonian of the system:

N . A A 1 . ot o
H= Htubulin + HBiophotons + Hlnteraction = 5&)00;’ + waja + >‘(O—+a + O——a’T)7 (31)

where 6 = |e) (e| — |g) (g| is the operator discriminating between the excited state |e) and the ground state

|g) of tubulin.

6+ promotes tubulin from the ground to the excited state (absorption of biophotons), 6_ promotes tubulin
from the excited to the ground state (emission of biophotons). a|n) and &' |n) are the annihilation and creation

operators, w is the frequency of the biophotons, and wy is the transition frequency of tubulin.

The total state of the system can be described by the wave function:
[(t)) = |[tubulin) ® | Biophotons) ,

where

[tubulin) = c4(t) |g) + ce(t) |e), |Biophotons) = Z e n) .
n=0

Solving Schrodinger’s equation:

Zh% W(t» = Ij[]nteraction |’¢)(t)> ) (32)
we obtain:
[(t)) = Z {[ceen cos(AtV/n + 1) — icgcpi sin(Atv/n +1)] |e) [n)
n=0
+ [—icecn—1sin(At/n) + icyc, cos(Atv/n)] [g) [n) } - (33)

These photons propagate through MTs undergoing quantum fluctuations during their vibrational modes, tran-

sitioning from a ground state to an excited state defined by:

F(t) = (o), (34)

with 6p = |2) (2] — |0) (0| being the fluctuation operator. This gives:

27



Thesis aa.2025-2026

F(T,2) =Y 2 cos®(v/nT)[e " — 1]
n=0

+ Z 2 sin?(y/nT)
n=0

—z|?

e

5 + eIZIQ] ’ (35)

where T' = Mt, |c,|? is the probability of finding a biophoton, and

e—lal®/24n N

——=— la?=N, el =V —
Vn!

which follows a Poisson distribution for all At > 0.

Cp = 1
n:

For the initial condition ¢.(0) = 0, ¢4(0) = 1, i.e., the MT in its ground state:

NG

which allows for evaluating the coherence condition of MT biomolecules.

F(T,z) = i e_N% ll — cos?(y/nT) + sin® <6_|Z|/2T>] ) (36)
n=0

Whereas for ¢.(0) =1, ¢4(0) = 0:

oo

F(T,z) =) e*N% [1 — sin?(v/n + 1T) + cos? (%T)] : (37)

These fluctuations are important because they have the potential, together with biophotons, to modulate the

n=0

electrical activity of the cell membrane. In cells, MT activity—supported by actin filaments (AFs)—enables the
transformation of electrical information on neuronal cell membranes. This mechanism has been modeled through
nonlinear electrical circuits using cable equations, with MTs represented as transistors for wave propagation. It

has been shown that the conductance of neuronal MTs is approximately:

gy /2 157 £ 7 mS/m.

It is therefore evident from these studies that mitochondrial signals reach the membrane to regulate, via pro-
cesses such as tunneling, membrane proteins that are activated to facilitate the passage of molecules into the

cytoplasm.
In conclusion, these and other models to be explored later still leave many open questions—such as how MTs
and AF's interact—but their predictive power in explaining biological function and providing insight into phenom-

ena that classical physics alone might still leave unexplained is undeniable.[30]

Proceeding further into the atomic and consequently quantum world, we can include other effects that come
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into play in biological life, such as the Casimir effect. This quantum process arises from the fact that when two
electrically neutral metal plates are brought closer together at a micrometer distance, the Casimir-Polder forces

allow these two neutral plates to attract each other via an electrostatic field that is not externally induced.

It has been theorized that this effect is one of the main contributors to the formation of "rouleaux” platelets
and red blood cells in the blood. One study, however, proposed that this effect occurs between the bilayers of the
cell membrane, where the two bilayers composed of phospholipids—having a polar head and electrically neutral
tails—do not overlap, but rather slide over each other due to the Casimir effect, creating a dielectric layer that

dynamically changes its value based on the distance between the two bilayers.

The membrane now has fundamental characteristics such as elastic rigidity equal to K = 1.7 x 10 N/m? and
a friction coefficient 1 = 1.9 x 10® Ns/m?. It has been modeled as a three-layer dielectric, with only the central
layer variable depending on the distance, where d = 2L represents the total reference length, while d. = dy. In
this way, we observe that the problem simplifies to a one-dimensional analysis. To describe the behavior of the

layer, we have:
e x =d—2L
o d.=dp + |z

From this, we consider £.(d.), a function of the variation in the central region of the dielectric.

d=2L : d>2L s d<2L

« ., MTCR
a :'ZSL

Figure 2: Unidirectional variations in the thickness of the central region of the membrane. Only the longest and shortest
lipids are shown. (a) Configuration MTCR: total membrane thickness d = 2L, central region thickness d. = dr. (b) Bilayer
leaflets farther apart than in MTCR: d > 2L, d. > dr. (c) Bilayer leaflets closer together than in MTCR: d < 2L, d. < dr.
Here, L is the average lipid length, dr, the width of the lipid length range, and MTCR denotes the minimal thickness of the
central region.

Using an average for the dielectric value, we have:
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1+ (|z|/dr)
1 —1). —/—=
+(ep— 1) T5 eljd; x<0
(€)= 3 z,, r=0 (38)
1+ (e, —1) ! >0
— . 7, :L'
P 1+ |z|/dyg,

It is observed that (e.) increases with increasing compression of the lipid membrane, for z < 0, and decreases
when z > 0. This confirms the theory that even when in a zero-energy state Ey = 1/2 - hv, quantum fluctuations
still produce energy, so as not to violate Heisenberg’s principle, otherwise, we would know the velocity and position

of a particle exactly. The free energy of this system is therefore:

_LQ (Ep — <€C>>2 he (39)
720 \ep +(ec) ) \/(ec)(dL)3(1 + |z[/dp)?

This equation provides a simple way to return to the Casimir energy density per unit volume between two
perfect surfaces in a vacuum:
72 he

b= (40)

Where a(m) is the distance between the plates. From the results obtained from the simulations, it is evident how
the Casimir effect regulates the functionality of the membrane, maintaining the distance between the two leaflets
and preventing them from collapsing. In fact, the maximum and minimum distances reached, after inserting
the parameters into the free energy equation, using parameters d; = 5A, €p = 2, are a minimum energy of
F = —4.68 x 10~2Jm~2, with a variation of z = 4 A, while for the configuration with maximum energy, F =
—2.54 x 1072 Jm~2, we have z = —2.9A.

The leaflets maintain the distance and avoid collapsing, ensuring functional space for proteins and molecules.
It acts as a force field that regulates the structure of the membrane. In addition to the forces of tensegrity, a

quantum force naturally present between the plates is also fundamental for biological processes.[31]

In conclusion, the analysis of quantum phenomena within cells ( from electron tunneling to biophoton propa-
gation along microtubules, and the Casimir effects between membranes), highlights how subatomic processes are
deeply intertwined with cellular biophysics. Once considered marginal, these effects now appear to play a crucial
role in regulating electrical activity, signal transmission, and cellular structural stability. Exploring the role of
electrons, especially under extreme conditions such as ultrasound exposure in cancer cells, could open new frontiers

in diagnostics and in the understanding of vital mechanisms at the quantum scale.

2.3 Physics and Mathematical models of Ultrasounds

Ultrasound is defined as mechanical energy produced by an oscillating pressure wave that propagates through
tissues. The biophysics of ultrasound studies the physiological relationships between the characteristics of these

waves and their effects on the human body and biological materials in general.
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An ultrasonic wave is a type of sound wave. In physics, when a sound wave comes into contact with a physical
medium, such as air, the molecules of the medium undergo compression. Subsequently, when the wave dissipates,

the medium returns to its original state, a process known as rarefaction.

2.3.1 Ultrasound in Biological Tissues

In clinical practice, the physical medium through which ultrasound propagates is biological tissue. These tissues,
largely composed of water (which accounts for about 75% of body mass), interact with ultrasonic waves with

frequencies ranging from 20 kHz to tens of MHz.

Using some fundamental parameters, it is possible to calculate the penetration depth of ultrasound into tissues.
By knowing the average propagation speed in soft tissues (¢ = 1540m/s) and the time of wave transmission and

reflection (¢ = 1m s), the formula to calculate the distance d is:

c-t

This calculation provides an ideal value, but in reality, soft tissues attenuate the propagation of ultrasound.
This attenuation is measured in decibels per centimeter per megahertz (dB/cm/MHz) and varies across different

parts of the body. Therefore, ultrasound devices must be calibrated not only based on the type of imaging but

also according to the specific anatomical area being examined.[13, 14|

2.3.2 Wave Characteristics of Ultrasound

Amplitude
—
]
Amplitude
e
—_
—

{a) (b}

Figure 3: Schematic representations of an acoustic waveform: (a) amplitude vs distance and (b) amplitude vs time.

Being mathematically representable as waves, ultrasound inherits the typical characteristics of waves. Among
these is the wavelength, which is the distance between two successive peaks, represented by the Greek symbol A.

Additionally, the time interval between two peaks is known as the period (T'), which is inversely related to the

frequency of the wave:

1
f=z (42)

Frequency, expressed in hertz (Hz), indicates how many times the wave repeats in a unit of time.

In clinical practice, the choice of ultrasound frequency is crucial. Higher frequencies provide greater resolution

but reduce penetration depth, whereas lower frequencies allow for deeper tissue penetration at the expense of
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resolution. These characteristics make ultrasound a versatile tool, applicable in a wide range of diagnostic and
therapeutic contexts.
From the basic data of wavelength and frequency, it is possible to derive the speed ¢ at which the wave propagates.

Ultrasound can be used in two distinct modes:
e Continuous ultrasonic wave

e Pulsed ultrasonic wave

AWAWAWAWA /\
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(a1) Continuous Wave Representalion

- /\n . 0l l e Time
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B PRP L

(b} Pulsed Wave Representation

Figure 4: Schematic representations of continuous wave and pulsed wave ultrasound waveforms: (a) continuous wave
representation and (b) pulsed wave representation.

In the pulsed mode, it is also possible to introduce the concept of Duty Factor (DF), which is described by the

formula:

DF = 5P ~ PRF

Where:
e 7 is the total exposure time to the ultrasonic wave
e PRP stands for Pulse Repetition Period

e PRF stands for Pulse Repetition Frequency

The Duty Factor represents the time of the pulsed wave divided by the period between the generation of two
waves. Typically, this ratio is around 0.1%, as the exposure to the wave is about 1 us, while the repetition of the
exposure occurs every millisecond.

These theoretical considerations also lead to addressing other physical issues, such as the speed of wave prop-
agation in biological media, its acoustic impedance, and attenuation.

Assuming that ultrasound propagation within tissues can be considered an adiabatic process (where there is
no heat exchange with the external environment), the acoustic propagation speed in a physical medium such as

water is given by:
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B
P (44)
p
Where:
e B,4 is the adiabatic elastic modulus for an isotropic fluid
e p is the density of the fluid
For a gas, the formula can be rewritten as:
- P
c= 120 (45)
p
Where:
e ~ is the ratio of specific heat at constant pressure to specific heat at constant volume
e P is the ambient pressure at equilibrium
Based on the above description, the formula for fluid media can be rewritten as:
-B
c= L2t (46)
P

Where:
e B, is the elastic modulus under isothermal conditions

These calculations also lead to considering the propagation speed in solid components of the body, such as
bones. The propagation speed in a solid medium can be expressed for both the longitudinal axis (cy) and the

transverse axis (cg):

[ viao
CL‘\/p~<1+a>~<1—2o> 0

Y

cs=4|———
s 2-p-(14+0)

Where:
e Y is the Young’s modulus of the material
e o is the Poisson’s ratio

Since o is less than 0.5, it can be observed that the speed along the longitudinal axis (cy,) is greater than that
along the transverse axis (cg).
The speed of wave propagation within a physical medium allows us to determine a fundamental material

property called specific acoustic impedance (Zs), measured in Rayleigh (rayl = kg/mQS).
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The formula for Z, describes how the wave propagates within different materials (gaseous, liquid, or solid),

depending on the frequency of the wave:

Zs==+p-c (49)

From this equation, we can deduce that increasing the propagation speed proportionally increases the acoustic
impedance.
Scientific measurements can be classified into first-order and second-order quantities. First-order quantities

typically describe amplitude, while second-order quantities represent energy.

First-Order Quantities

First-order quantities can be analyzed using the following equations:

acoustic wave propagation, and the development of its wave and other equations can be approached from the
Equation of State which relates the change in density to the change in pressure, the Continuity Equation which
relates particle motion to the change in density by invoking conservation of mass and the Momentum Equation
(becomes Euler’s Equation for a lossless medium at rest) which relates the change in pressure to particle motion

through Newton’s Second Law of Dynamics by invoking conservation of momentum.

Equation of State

p:cg-ap(1+2€45+?ﬁ4s2+...> (50)
e Continuity Equation
IDT;) +pV-u=0 (51)
%+V~(pﬁ):0 (52)
¢ Momentum Equation
p% +VP=0 (53)
e linear Euler’s equation.
po% +Vp=0 (54)

The total derivative for a fluid quantity ¢ is:

Dg _9q .
= 8t+(u V)q (55)

Where:

e ¢ is the momentum of the fluid
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e P = Py + p represents instantaneous pressure

p = po + dp is the instantaneous density, where dp is the excess density

B/A is a nonlinear parameter

s = 0p/po, is the condensation, the fractional change in the excess density relative to the initial fluid density

4 is the fluid particle velocity

The values of P, 4, and p can be expressed as:

P=FP+P +P+...

T=u,+us+...

pP=po+pr+p2+...

Simplifications can be made under specific assumptions:

s
p1 = Bs1 + TIB@itl
0s1 -
oV
oy
— =-V
Po ot b1

) 0s . .
Assuming constant speed, the term nga—tl vanishes. Velocity can be expressed as:

ds
dt

’L_[:

Where E represents the displacement of the particle.

By combining the previous equations, the lossless ultrasonic wave equation in the z-direction is obtained:

¢ _ 5 0%
o2~ ox2 (57)
The solution to this equation is:
£(Z,t) = & cos(wt — k - T) (58)

This describes the particle motion in terms of displacement, velocity, acceleration, and pressure variations over
time, through successive derivatives.

Where:
e &g is the displacement amplitude
e w is the angular frequency

e t is time
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e [ is the wave propagation constant

All first-order plane wave ultrasonic amplitude quantities are directly proportional to each other:

Do

o=Up-w=Ay - w=—""—
W po - Co

(59)

Where:
e Uy, Ag, po are the amplitudes of velocity, acceleration, and pressure, respectively.

In the case where the wave travels through a dissipative medium, the introduced equation will include an

exponential term accounting for the attenuation of the wave through the medium:

E(Z,t) = & e A7 cos(wt — k - T) (60)
where:
e A is the attenuation coefficient.

As for second-order quantities, starting from the equation of force, represented as the total derivative of velocity

with respect to time, multiplied by the fluid density:

- Di
F= Dt (61)

where F is the force density expressed in N/m®. Through integration, we can derive the expressions for the

kinetic energy (Fxg) and potential energy (Epg) of the ultrasonic wave in the fluid medium:

~ u
EKE(IE,t) = % (62)
p2
EPE(LL',t) = 2p02 (63>

Recalling that the velocity of the wave immersed in a motion field can be decomposed into its positive and

negative components relative to the wave’s direction:

u(Z,t) = Upp cos(wt — k- Z) 4 Uoy cos(wt + k - T) (64)
where:
e U, is the positive component,
e U, is the negative component.

The expression for acoustic pressure becomes:
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— —

p(Z,t) = pop cos(wt — k- Z) + pon cos(wt + k- Z) (65)
where:
Pop = pCUop7 Pon = _pCUon- (66)

Therefore, the average energy density is:

[ E@ =z vz) (67)

where:
e E is the temporal-average energy density (in J/m?® or N/m?),
e [ is the temporal-average intensity (in W/m? or, more conventionally in ultrasonic biophysics, W /cm?).

Since the wave propagates exclusively in one direction, the negative component U,, = 0, and combining the

results for energy and intensity, we obtain the following relationship:

(B) = L? (69)

When the wave passes through a dissipative medium, an exponential term is introduced to account for the
material’s absorbance:

—

u(z,t) = Upe V¥ sin(wt — k - T) (70)

where:
e [y is the intensity at x = 0.

These formulas are still used today, particularly for estimating quantities related to the wave’s energy and
intensity, which define what is technically referred to as the "dose.” This term has become crucial in clinical
practice, especially in the use of ultrasounds. During the 1980s, the potential biological effects of ultrasounds,
depending on the dose applied to patients, were discovered. It was observed that high doses and intensities caused
changes in tissue structures.

These changes are due to thermal mechanisms, from which ultrasounds are not exempt. Whenever ultrasounds

are used in a material that attenuates wave propagation, the wave’s amplitude decreases with distance due to
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absorption or scattering phenomena caused by the material, in this case, biological tissues. The friction caused by
dissipation in the physical medium produces well-known thermal effects.
When ultrasonic therapy is applied to a specific part of the body, the amount of heat produced per unit volume

can be estimated using the following formula:

Q = 2adtp = app™pc (72)
where:

e I corresponds to the temporal-average intensity (per unit time),

« is the ultrasound absorption coefficient, which increases with higher emission frequencies,

e p and p* are the acoustic pressure and its complex conjugate, respectively,

p is the density of the material,

c is the speed of sound.

From this equation, the amount of heat absorbed by the tissue exposed to the ultrasonic radiation can be

determined:

where:
e At is the exposure time,
e C, is the heat absorption capacity per unit volume, which for water is approximately 4.18 J /cm3 °C.

This formula is valid only for short exposure durations, typically below one second. However, if the exposure
time is increased beyond a few seconds using a high-intensity focused ultrasound (HIFU) pulse, the formula shows
how the temperature could rise significantly, potentially causing ablative effects on tissues.

The heat transfer through tissues occurs via partially perfused heat exchange (through the blood) and partially

through conduction. The physical model that also accounts for blood flow is as follows:

oT AT Q
— =kVT — — + = 74
ot T C, (74)
where:
° o represents the temperature increase over time at a specific point,

e x is the thermal conduction coefficient,

e T is the temperature,
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e AT is the temperature increase above ambient
e 7 is the thermal perfusion time constant of blood vessels.

This model is the most commonly used for calculating tissue thermal models today.

At the cellular level, it is essential to understand how cells respond to temperature changes. Temperature is
a critical index within the cell for determining its health state. Chemical reactions and enzymatic processes are
temperature-dependent, increasing their activity by a factor of 3 for every 10°C rise within the cell. However,
when the temperature exceeds approximately 45°C, enzymatic activity declines due to the denaturation of proteins
composing the enzymes.

These experimental observations have led to the understanding of a logarithmic relationship between cellular
damage and temperature increase. Some studies have focused on understanding how cellular damage correlates
with temperature, noting that specific temperatures and exposure times could lead to cell death for both healthy
and cancerous cells. An empirical formula, derived from numerous studies, has been developed to predict the

thermotolerance of cells and tumors:

tyg = tR43-T) (75)
where:

e R = 0.5 for temperatures above 43°C and R = 0.25 for temperatures below 43°C,

T is the temperature of the cell,

t is the exposure time (in minutes) at a specific temperature to observe a certain number of dying cells,

t43 is the time function that determines how the temperature in the cell evolves until it reaches 43°C. [21]
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2.3.3 Methods of ultrasound imaging

After examining the biophysical and thermomechanical principles behind ultrasound, let’s now look at the methods

by which they are delivered and used in medical equipment

e B-mode: Imaging is the cornerstone of ultrasound examination procedures. In this technique, the transducer
is activated by a short pulse, and echoes from acoustic impedance discontinuities in tissues are displayed
along the transducer’s line of sight. A cross-sectional image is created by scanning the ultrasonic beam using

either mechanical or electronic means, following the same scan pattern.

e Spectral Doppler Analysis: When an ultrasonic pulse strikes a stationary interface, its frequency remains
unchanged. However, if the interface is moving relative to the transducer, the frequency is altered due to the
Doppler effect. The Doppler frequency shift depends on the examination frequency, the velocity of sound
in tissue, and the velocity of the moving interface relative to the transducer. This shifting complicates the
interpretation of Doppler examinations, as the angle between the ultrasonic beam and the moving interface
must be considered. Maximum Doppler frequency shifts occur when the interface moves directly toward or

away from the transducer, while movement at a right angle does not produce any frequency shift.

e Color Doppler Imaging: Color Doppler imaging operates similarly to B-mode imaging, with the trans-
ducer energized by a relatively short pulse. However, instead of displaying Doppler information in gray scale,
it is shown in color. A cross-sectional image is created by scanning the transducer’s line of sight, following the
same scan pattern. The pulse duration is controlled by a computer and automatically adjusted to maintain

optimal conditions.

The technological requirements for color Doppler imaging are more complex. The pulse duration must
balance the need for a longer pulse to accurately measure Doppler frequencies with the need for a shorter

pulse to keep pixel size small, ensuring the desired spatial resolution of the color image.

2.4 Nanoparticles and US in cancer therapy: induced ROS production

Over the past 20 years, efforts have been made to understand the potential effects of ultrasound not only for medi-
cal imaging but also for possible therapeutic applications. Ultrasound can, in fact, stimulate tissues, causing them
to undergo different effects depending on the medical condition to which the patient is subjected. For example,
ultrasound is used to accelerate tissue healing through its hyperthermic effect (Low Intensity UltraSound) and

could also be used in anti-tumor therapies.

It is precisely in this direction that the scientific community is moving, exploring the possibilities of ultrasonic
effects on tumors, also in combination with the use of nanoparticles to amplify the therapeutic effect. The ef-
fectiveness of ultrasound in cancer treatment lies in its ability to trigger chemical and physical stimuli that, in
synergy with nanomaterials that have a cytotoxic effect, induce a significant increase in intra- and intercellular

temperature, favoring the generation of reactive oxygen species (ROS) and consequently causing the death of

40



Thesis aa.2025-2026

cancer cells through apoptosis.

2.4.1 Nanoparticles: ions characteristics and biological effects

Recently, nanoparticles have emerged as a novel approach in the study of apoptosis and oxidative stress regulation.
Research has focused on the effects of essential elements such as copper (Cu), zinc (Zn), and iron (Fe), which play
vital roles in cellular redox reactions and the regulation of reactive oxygen species (ROS) production.

Each of these elements has a unique role, especially in programmed cell death (apoptosis):

Copper (Cu) — While essential in trace amounts, excess copper beyond physiological thresholds is harmful
and can contribute to the development of diseases such as cancer, neurodegenerative disorders, and premature
aging.

Iron (Fe) — Biologically irreplaceable, iron is crucial for mitochondrial electron transport chain reactions and

the activity of enzymes such as ribonucleotide reductase. Iron homeostasis is regulated by three key enzymes:
e Ferritin
e Aconitase
e Hepcidin

Unlike copper, apoptosis is not induced by excess iron, but rather by iron deprivation in biological environments.

Zinc (Zn) — Depending on its concentration, zinc can either promote or inhibit apoptosis. It is involved in
membrane integrity and over 300 enzymatic processes. Zinc is also known to antagonize Cu and Fe by catalyzing
redox transitions, thereby facilitating the formation of hydroxyl radicals (OH) from HsO4 and superoxide.

Although the physiological role of Zn in apoptosis is still under investigation, it is clear that it plays a key role
in oxidative stress regulation. Together with metallothionein (MT)—a protein of about 60 amino acids expressed
throughout the body—Z7n regulates metal transport into and out of cells and participates in mRNA transcription
phases.

The Zn—MT complex is also involved in apoptosis: significant depletion of this complex correlates with increased
ROS production, which triggers programmed cell death [4].

These findings have led to growing interest in Zn as a therapeutic material in cancer nanomedicine. When ap-
propriately administered, zinc has shown potential to mediate induced apoptosis, making it a promising candidate

for anticancer strategies.

Recent advancements have proposed the use of various types of nanoparticles (NPs) to improve dispersion in
culture media and enhance targeting of tumor cells.

The interaction between ultrasound waves and organic/inorganic nanoparticles in aqueous solutions can produce
different effects. Organic NPs like polydopamine or inorganic NPs like cerium oxide can neutralize ROS generated

from water, thereby reducing oxidative stress.
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In contrast, semiconductor nanoparticles like zinc oxide (ZnO) or titanium dioxide (TiO3) can promote ROS
generation. When exposed to mechanical stimuli such as ultrasound, they lower the inertial cavitation threshold.
This mechanism is particularly effective against solid tumors, as it enhances ROS production and facilitates
apoptosis.

These effects are influenced by the surface roughness and porosity of the nanoparticles, as well as the presence of
organic functional groups that create hydrophobic environments. These hydrophobic surfaces can trap nanometric
gas bubbles, providing nucleation sites for cavitation [8].

Several types of ZnO-based nanoparticles under 100 nm in diameter with a bandgap of 3.37 €V in the UV

range have been studied, including:
e Nanorods
e Nanowires

Nanobelts

e Desert Roses

Spherical NPs

Additionally, iron-doped ZnO NPs (Fe:ZnO) have also been examined. The biocompatibility and cytocompat-
ibility of these various NPs have been analyzed across different tumor cell lines, allowing for specific applications

depending on the cancer type [2, 3, 7, 9].

2.4.2 Simulations and Experiments

Proceeding in an orderly manner, scientists have studied various therapies, among which the most widely discussed

are:
e photodynamic therapy,

e therapies involving Laser-generated focused Ultrasound (LGFU) and High Intensity Focused Ultrasound
(HIFU),

e sonodynamic therapy.

e Photodynamic therapy:

Photodynamic therapy is used in conjunction with nanomaterials (called photosensitizers) that are activated
by ultrasound emitted at the frequency of ultraviolet radiation. A major limitation of this therapy has
always been the depth at which UV light can penetrate tissues. However, recent studies have examined the
possibility of using new materials, such as zinc oxide functionalized with an aminopropyl group in the form
of nanocrystals (ZnO-NH2 NCs), to enhance the effectiveness of this therapy. It has been found that, at
certain concentrations of ZnO-NH2 NCs, ultrasound intensity, and exposure time, the therapy proved to be

extremely effective. [15]
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e Therapies involving LGFU and HIFU:

Laser-generated focused ultrasound (LGFU) is used for imaging, therapies, and drug delivery. Typically,
the frequency of these ultrasounds exceeds 10 MHz and is often concentrated in an area smaller than one
millimeter in diameter. High-intensity focused ultrasound (HIFU), on the other hand, is used to increase
local temperature and produce, through the hyperthermic process induced in tissues, extravasation, which
allows for an increased blood flow in a specific area and, when combined with nanoparticles, their massive

accumulation. [16]

e Sonodynamic therapy:

Sonodynamic therapy is perhaps the most studied and considered effective anti-tumor therapy among ul-
trasonic techniques. The unique feature of using the sonochemical effect is to generate mechanical pressure
waves that initiate biochemical processes within the cell. The most interesting nonlinear sonochemical pro-
cess is cavitation, which comprises three fundamental phases: the nucleation of microbubbles (MB), their
growth, and, under certain conditions, their implosion. Microbubbles can, in turn, be classified as stable
(oscillating bubbles) and inertial (collapsing bubbles). Stable cavitation allows, through cycles of expansion
and compression, the creation of pores due to the sonic effect of pressure waves (sonoporation), which weaken
the lipid membrane surface of the cell, allowing the permeation of any nanomedicines (sonosensitizers) in-
troduced into the body within the tumor site. However, if the pressure wave characteristics vary, the second
effect, known as inertial cavitation (also called the pyrolytic process), is triggered, causing the microbubbles
to implode, potentially generating local temperatures of several hundred degrees Celsius. This type of ther-
apy is highly effective in generating reactive oxygen species (ROS) and is particularly useful in attempting

to eliminate solid tumors, which are very difficult to treat with conventional therapeutic techniques.
The processes involved in sonodynamic therapy are primarily three:

e Hydrodynamic stress (Sonomechanical Process):
This process involves the mechanical stress applied to tissues through ultrasound-induced pressure waves,
which can cause structural and functional changes in cells.

e Inertial cavitation (Pyrolytic Process):

This process follows the following scheme of chemical reactions:

H,O — H + OH (pyrolytic process of water) (76)
HO 4+ OH — H30- (reduction of the hydroxyl radical) (77)
H +H — H, (reduction of a reactive hydrogen species) (78)

e Effects mediated by ROS and their free radicals:

These effects occur mainly due to the extremely high temperatures and pressures that the microbubbles

(MBs) reach locally (about 5000°C ) once they undergo the implosion process.
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These three phenomena are particularly interesting from a medical perspective, as they induce cells in general,
and especially cancer cells, to undergo apoptotic processes, which are essential for eradicating the tumor mass. It
has also been observed that the threshold at which tissues need to be stimulated with pressure waves decreases
when iron (Fe), zinc (Zn), or titanium (Ti)-based nanomedicines are introduced, although studies are still ongoing
to better understand how nanoparticles produce these anti-tumor effects in synergy with ultrasound.

In particular, ZnO and ZnO-NH nanocrystals (functionalized with amine groups) have been tested, as they appear
to specifically and effectively promote the growth of microbubbles on their surface. This aims to enhance inertial

cavitation effects and, consequently, increase the induced production of cellular oxidative stress.[32]

From an analytical point of view, it is possible to better understand the phenomenon of acoustic cavitation
and its physical characteristics. Several studies have modeled the behavior of ultrasonic waves from a mechanical
perspective, focusing on developing a model that accurately describes the phenomenon of acoustic cavitation.
One such study employs the Calfisch model to describe the propagation of the ultrasonic wave, along with the
Rayleigh-Plesset equation, a nonlinear equation that describes the dynamics of bubbles in an infinite body of
incompressible fluid.

However, this model must take into account some key assumptions, as we are trying to describe a nonlinear

model. The properties of the liquid are as follows:

e Incompressibility of the liquid.

The bubbles maintain spherical symmetry when compressed.

There is no material exchange between the inside and outside of the bubbles due to diffusion.

e [t is assumed that there is some homogeneity of the bubbles.

The bubbles are empty inside.

The composition of the bubbles and their physical properties respect the following rules:

The bubbles are mutually influenced.
e The distance between the bubbles is greater than their radius.

Their center of mass is static.

The bubbles are spherical with their own internal pressure different from the external one.

Calfisch Model
This equation describes the pressure variations induced by the ultrasonic wave within the fluid, causing the

expansion and contraction of the bubbles. The equation is expressed as follows:

82
CQa—tf _vip=p 2P (79)

where:
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e p = p(z,t): acoustic pressure [Pa] (depends on position and time),

e ¢: speed of sound in the medium [m/s],

e V?: spatial Laplacian (related to the curvature of the pressure in space),

e (: nonlinearity parameter (represents the nonlinear response of the medium) [dimensionless].

2
The term a—tf introduces nonlinear effects into the model.

Bubble Volume Fraction
The volume fraction occupied by the bubbles, which affects local pressure and therefore the production of reactive

oxygen species (ROS), is expressed as:

g g (80)

where:
e N is the number of bubbles per unit volume [bubbles/m?],
e R is the radius of each bubble [m].

This term does not specify whether it describes nonlinear effects of an ideal gas or whether bubble formation

is considered a nonlinear event.

Rayleigh-Plesset Equation
The Rayleigh-Plesset equation allows estimating two fundamental parameters, velocity and decay time of cavitation

bubbles, as a function of the radius only:

. 2. 1
R+ZR*>=-(Pg— Py — = — 81
t3 p(B I R) (81)

where:

o R(t) is the radius of the bubble at time ¢ [m],

R is the expansion or contraction velocity of the bubble [m/s],

e R is the radial acceleration of the bubble [m/s?],

p is the density of the surrounding liquid [kg/m?],
e Pp is the pressure inside the bubble [Pa],
e P, is the external pressure far from the bubble [Pa],

e o is the surface tension of the liquid [N/m],
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e 1 is the dynamic viscosity of the liquid [Pa s]

From which we derive:

P
5= 0.915R07h (82)

where:

s is the collapse time of the bubble [s],

Ry is the initial radius of the bubble [m],

p is the density of the surrounding liquid [kg/m3],

P, is the external hydrostatic pressure causing the collapse [Pal.

where:

v is the radial velocity of a fluid element at a distance r from the center of the bubble [m/s],
e R is the radius of the bubble [m],

e V = R is the velocity of the bubble wall [m/s],

r is the distance from the center of the bubble in the surrounding liquid [m].

Thanks to the last two equations, the study of the equations governing the implosion of bubbles is reduced to
a single degree of freedom.

Simulations and assumptions made using these models have shown that acoustic cavitation, when associated
with sonosensitizers such as diphenylanthracene (DPAQO;), generates a sufficient amount of ROS. These reactive
oxygen species are essential for inducing useful biological effects, such as activating advantageous phenomena for
anti-tumor therapy. However, the solidity of this physical model lies in the difficult relationship between the

microscopic scale of the bubbles and their effects and the macroscopic events occurring in the liquid.[17]

A second study aimed to explain how US proves effective when used as mechanical waves, generating ROS

inside the cell and leading to cell death through apoptotic processes.

The study presented two main approaches:

e The first approach involved conducting simulations at different values of acoustic pressure and US wave
intensity to validate a mathematical model. These simulations were accompanied by in vitro measurements

of a solution composed of 80 mM Luminol (97% from Sigma-Aldrich), 0.1 M sodium hydroxide (NaOH), and
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0.5 mM hydrogen peroxide (HoOs4, from a 0.02 M stock solution) in a total volume of 2 mL, contained in a
cylindrical vessel and irradiated by US waves using a transducer positioned below the container, under the

same conditions explored in the simulations.

e The second approach included tests in which nanocrystals functionalized with amino-propyl groups using
3-aminopropyltrimethoxysilane to obtain ZnO-NHy; NCs were integrated, with the aim of evaluating both
their cytotoxicity under non-thermal conditions (without ultrasound), and their thermal effects under US
irradiation. Additionally, the synergistic effects on ROS production in cancer cells were examined, as previous
studies indicated that ZnO NCs reduce the threshold for ROS production, thus facilitating cavitation effects

in cells.

As for the simulations, as previously mentioned, a system was modeled with a cylindrical component containing

an aqueous solution. The wave equation governing the acoustic pressure wave is as follows:

V. (—1(Vp— qd)) -

kigp
Pe

Pe @m (84)

® keq = & cioe il rapporto tra la frequenza angolare dell’onda pressoria e la velocita del suono in forma
c

complessa, esprimendo un parametro quindi adimensionale

e w=27f con f =1MHz
e ¢; ¢ il dominio del dipolo nell’acqua
e (), ¢ il dominio del monopolo dell’acqua
o C,.=C(1+iwd/C?) & la velocitd complessa del suono in un mezzo

1/4
o d=—|oput+m

p\3
e ' =1497m/s che corrisponde alla velocita del suono in acqua
e p ¢ la densita dell’acqua (in kg/m?)
e 1 ¢ la viscosita dell’acqua (in Pa - s)
e 1 € la viscosita di bulk dell’acqua (in Pa - s)

o2
® p.=p (C) e la densita complessa dell’acqua
c
Since the model assumes a second-order non-homogeneous differential equation, it cannot be solved analyti-
cally due to the presence of more unknowns than equations. Therefore, assumptions were made to linearize the

equation and make it homogeneous. The dipole and monopole parameters were set to zero, assuming the fluid is un-

perturbed by external sources, reducing the equation to the resolution of the acoustic pressure as the sole unknown.
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Dissipative sources were also introduced and expressed as:

—n- (plc(Vp - qd)> = *;w (85)

ps
e Polystyrene wall of the cylindrical container filled with the aqueous solution, with acoustic impedance:

Zps = ppsCps, Where pps is the polystyrene density and Cps is the speed of sound in polystyrene

e (W —an)) = -7 (56)

e Air in contact with the solution simulating an air wall with acoustic impedance: Z,;» = pairCair, Where pgir

is air density and C,;, is the speed of sound in air

1 .
e (<90 - aa)) = ()L (57)
e With L, equal to:

21y
Ly = 88
d e (88)

1, 272

spcw” L
h=1{" ! (89)

Iinpute_at

to reproduce the simulation conditions as realistically as possible.

Regarding the simulation boundary conditions, the following assumptions were made:

e No thermo-viscous effects:

— Adiabatic system

— Initial equilibrium temperature of 298.15 °K
e The 2 mL aqueous solution (same amount used in the in vitro experiments) is considered:

— Isotropic
— Homogeneous
— At rest

— Unperturbed
e US propagates linearly through the fluid

e Bubble cavitation was not simulated
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The goal of the simulation was to understand how the intensity and pressure fields vary in the aqueous solution
due to US exposure. The acoustic field was simulated using COMSOL®) Multiphysics (version 5.5, COMSOL
Inc.) with the Pressure Acoustics Frequency Domain interface. This approach numerically solves the acoustic
wave equation for a harmonic pressure wave in the frequency domain, using a frequency of 1 MHz, corresponding

to the frequency of the transducers used in the experiments.

In particular, when ultrasound intensity and exposure time increase, a significant rise in ROS production is
observed. This phenomenon is further amplified by the presence of ZnO nanoparticles, which promote cavitation,
enhancing ROS generation. ZnO nanoparticles interact with the ultrasound wave, favoring the formation of mi-
crobubbles in the fluid and increasing cavitation. This interaction leads to increased ROS production within cells,

causing cellular damage that induces apoptosis.

The models predicted a homogeneous distribution of acoustic pressure and cavitation, and ROS production

was modeled based on parameters such as input power density and US exposure time (Figure 4).
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Figure 5: Acoustic pressure field (top panels) and acoustic density distributions (bottom panels) within the well simulated
with COMSOL®) Multiphysics for Iinput= 0.45 W /cm2, along vertical (A and C) and horizontal (B and D) planes of the
sample well containing water. The darkest red and blue colors in panels A and B indicate the maximum and the minimum
values, respectively, that the acoustic pressure can assume, equal to + 0.52 MPa and—0.55 MPa. The darkest blue and red
colors of the acoustic density (panels C and D) correspond to 0 W/cm2 and 4.96 W/cm2, respectively [8]
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Regarding the in vitro model validation and the use of ZnO-NHs NCs, the experiments initially focused on
validating the mathematical and physical model used in the simulations. The same results as the simulations were
obtained: a peak in acoustic pressure and density at the center of the fluid, with a radial decrease in parameters.
It was observed that both in simulation and in in wvitro tests, viscous effects led to a reduction in the actual
ultrasonic wave peak. Subsequently, ZnO NCs were used to investigate their cytotoxicity and later to assess their

effectiveness when combined with US for anti-cancer therapies.

Two tumor cell lines were primarily used: adenocarcinoma cells (KB cell line) and Burkitt’s Lymphoma cells
(Daudi cell line). ZnO NCs were introduced into these cells, and their viability was assessed after 24 hours. No
harmful or cytotoxic effects were observed, confirming the stationary safety of the nanoparticles. The cells were

then irradiated with different US intensities as per the simulation and for varying exposure durations.

Laboratory experiments were conducted on two cancer cell lines (KB and Daudi), treated with US at differ-
ent power densities and exposure durations. ROS production was measured using sonochemiluminescence (SCL)
with Luminol and electron paramagnetic resonance (EPR) with 5,5-dimethyl-L-pyrroline-N-oxide (DMPO-OH)
adducts. A clear correlation emerged between the intensity of the SCL signal, the concentration of ROS adducts,

and cell viability.

The experimental results highlighted that at lower US intensities (0.3 W/cm?2), no significant changes in cell
viability were observed, nor were there appreciable levels of ROS production. Conversely, higher intensities, par-
ticularly around 0.6 W/cm? with 2-minute exposures, led to a marked increase in ROS levels, which correlated
with a significant decrease in cell viability. Among the tested cell lines, Daudi cells exhibited greater sensitivity

to ultrasound-induced cytotoxicity compared to KB cells.

Acoustic Pressure: The mathematical simulations showed excellent agreement with the experimental acous-

tic pressure measurements, reinforcing their reliability in predicting in vitro conditions.

Both simulations and experimental data confirmed that increased US intensity and exposure time result in
elevated ROS generation. The simulations also predicted a strong correlation between cavitation intensity and

ROS production, which was validated by the EPR and SCL techniques.

Cell Viability: Cell viability was shown to decrease significantly under high ROS conditions, particularly for

2

US intensities exceeding 0.45 W /cm?. These results are in line with simulation predictions of increased cellular

stress and damage under more intense ultrasound exposure.

Importantly, the simulations provided a robust predictive tool for estimating ROS production. The study
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emphasizes this as a promising direction for future work: refining and expanding the simulation model to account
for more variables and better represent the complexity of the in vitro environment.

In conclusion, both experimental and computational approaches converged on the same insight: controlled ultra-
sound exposure can significantly enhance ROS production and induce cell death, particularly in the presence of
sonosensitizers like ZnO nanoparticles. While low US intensities are ineffective, intensities around 0.6 W/cm? with

exposure of 2 minutes proved optimal for inducing cytotoxic effects.[8]

The next step in the experimental workflow was the transition to animal models. The previously described
experiments were applied to assess the synergistic efficacy of nanoparticles and ultrasound stimulation under
conditions more closely resembling the physiological tumor environment. Specifically, the treatment was tested
on a murine model of pancreatic ductal adenocarcinoma (KPC) through intratumoral administration of the

nanoparticles.

Several ZnO-based nanoparticle formulations were evaluated, ranging from uncoated (“naked”) particles to
lipid-coated versions further functionalized with the sonosensitizer IR780. The aim was to assess both the long-
term cytotoxicity and biocompatibility of the nanoparticles, and their ability to generate reactive oxygen species

(ROS) upon ultrasound activation.

It was observed that iron-doped ZnO nanoparticles coated with a lipid membrane exhibited enhanced colloidal
stability in aqueous media and increased cellular internalization within tumor cells. As a result, upon ultrasound

irradiation, ROS were generated not only on the cell membrane but also within the cytoplasm.

However, the lipid coating led to a moderate reduction in total ROS production, although it improved overall

particle biocompatibility and reduced inherent cytotoxicity.

The intracellular ROS generation promoted a more effective tumor mass regression and triggered a significant
immune response. In particular, enhanced infiltration of CD3% T cells within the tumor tissue was observed,
along with the activation and proliferation of CD4% and CD8" T cells, and an increase in effector regulatory T
cells within the tumor-draining lymph nodes (TdLNs). These findings highlight the potential of combining func-

tionalized nanoparticles with ultrasound stimulation to elicit a systemic and local antitumor immune response.[33]

The excellent alignment between simulation and experiment suggests a strong foundation for developing pre-
dictive models. These models could become essential tools for designing future therapeutic ultrasound protocols
and for optimizing ROS-mediated treatments in oncology and beyond. Future efforts will focus on enhancing

model complexity to better mirror the multifactorial nature of biological systems.
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2.5 Discussion and Comparison with Literature

2.5.1 Data evaluation

This chapter discusses the experimental results of reactive oxygen species (ROS) generation obtained from the ac-
companying dataset and compares them with recent literature on ultrasound-induced oxidative stress phenomena.
Recent advances in sonodynamic therapy (SDT) research have confirmed the capability of low-intensity ultrasound
to trigger ROS generation in biological systems through both physical and biochemical mechanisms [17, 21, 34,
35]. Particular attention is given to nanoparticle-assisted effects involving ZnO-based systems and sonosensitizers,
as reported in the works of Cauda, Carofiglio, and colleagues.

Ultrasound stimulation was applied for 1 min at an acoustic intensity of 0.8 W/cm?. Nanoparticles (NPs) were
used at two experimental concentrations: 15 pg/mL and 30 pg/mL. Cells were seeded in 24-well plates and treated
with a safe dose of each nanoparticle (NP) formulation. After treatment, cells received ultrasound stimulation
(1 min, 0.8 W/cm?). Immediately after stimulation, cells were trypsinized and centrifuged. The medium was
replaced with PBS and DCF-DA was added, followed by incubation under standard cell culture conditions for
30 min.

The resulting cell suspension was analyzed using a BD FACSymphony A5 SE Cell Analyzer (BD Biosciences).

Events were acquired using the B510 channel to detect the ROS-sensitive probe.

ROS intensity values obtained for each experimental replicate are reported in Tables 7?7 and 7?7, referring

respectively to the 15 pg/mL and 30 pg/mL NP treatment groups, with and without ultrasound exposure.

Figure 6 shows the percentage of DCF-positive cells in response to 15 ug/mL of each NP formulation, with and
without ultrasound stimulation. Naked NPs and lipid-coated-IR780 NPs induced a significant increase in ROS
generation compared to control cells, while lipid-coated NPs without IR780 showed a moderate but detectable

enhancement. Ultrasound stimulation further amplified ROS production across all NP groups.
Figure 7 shows the ROS levels obtained using the higher NP concentration (30 pg/mL). The increases observed

mirrored those at 15 pg/mL but were overall more pronounced. Naked NPs and lipid-coated IR780 NPs caused

the highest ROS production, while ultrasound stimulation further enhanced the oxidative response.

Table 2: ROS values (mean £ SD) for 15 pg/mL NP treatments with or without ultrasound.

Sample No Ultrasound Ultrasound
CT 22.2 £ 10.3 25.5 £ 13.5
Naked NPsy5 77.5 £ 17.8 83.0 + 10.9
Lipid-coated NPs;5 41.2 + 18.0 61.7 £ 41.1
Lipid-coated-IR780 NPsy5 72.9 + 29.9 72.7 + 28.6
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Figure 6: Percentage of DCF-positive/live cells following treatment with NPs at 15 pg/mL, with or without ultrasound
stimulation. Statistical differences are indicated by *p j 0.05 and **p | 0.01.[33]
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Figure 7: Percentage of DCF-positive/live cells following treatment with NPs at 30 ug/mL, with or without ultrasound
stimulation. Statistical significance is reported as *p j 0.05 and **p | 0.01.[33]
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Table 3: ROS values (mean + SD) for 30 pg/mL NP treatments with or without ultrasound.

Sample No Ultrasound Ultrasound
CcT 26.0 + 11.3 23.1 +12.0
Naked NPs3g 90.7 £ 5.5 88.1 £ 5.4

Lipid-coated NPsg3q 28.3 + 10.7 74.9 £ 21.9
Lipid-coated-IR780 NPs3q 82.0 £ 25.5 69.2 + 41.0

The dataset revealed that ultrasound exposure significantly increases ROS levels, particularly when combined

with ZnO nanoparticles, confirming the synergistic piezoelectric and catalytic effects [3, 15].

2.5.2 Comparison with Literature

ROS production under ultrasound arises mainly from cavitation and mechanical stress. The mechanisms are now
well characterized through recent mechanistic reviews and experimental analyses [35]. The process involves sono-
luminescence, pyrolysis of water molecules, and sonosensitizer activation, generating hydroxyl radicals, superoxide
and singlet oxygen.

The results observed in this work fall within the range reported for nanoparticle-assisted SDT systems.

In particular, nanosonosensitizers have been shown to achieve strong ROS generation under ultrasound and
stimulate immunogenic cell death, enhancing anti-tumor immune responses [34].

Microwave exposure contributes to oxidative stress mainly through thermal pathways, mitochondrial dysfunc-
tion, and potential non-thermal effects such as ion channel activation. Although the magnitude of ROS increase
is generally lower than under ultrasound, it remains biologically relevant for specific cancer cell models, as shown

by recent studies on electromagnetic stimulation and mitochondrial ROS leakage.

The combination of mechanical, thermal, and electronic phenomena contributes to ROS formation during

ultrasound and microwave exposure:
1. Cavitation-driven radical formation: intense bubble collapse produces radicals from water pyrolysis.

2. Nanoparticle-mediated sonocatalysis: ZnO and TiO, nanoparticles generate electron—hole pairs upon

mechanical deformation, boosting ROS yield.

3. Mitochondrial stress: altered membrane potential and Ca2T signaling promote intracellular ROS, consis-

tent with the mechanochemical effects [35].

4. Immunogenic amplification: ROS-mediated tumor cell death triggers immune pathways, a process em-

phasized in recent nanosonosensitizer-based SDT immunotherapy studies [34].

According to Datta et al., ROS generation during SDT results from both sonochemical and sonomechanical
processes, with type I and type II reactions leading to hydroxyl radical and singlet oxygen formation, respectively.
Their review highlights the role of acoustic frequency (0.5-3 MHz) and intensity (0.5-3 W/cm?) in tuning ROS

production efficiency and penetration depth.
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These parameters align well with the present experimental setup. Similarly, Cheng et al. demonstrate that
nanosonosensitizers—engineered to combine ROS generation with immunotherapeutic functions—achieve syner-
gistic effects between tumor ablation and immune activation. They showed that sonosensitizer-based nanoplatforms
not only generate ROS efficiently under ultrasound but also induce immunogenic cell death (ICD), stimulating
dendritic cells and cytotoxic T-lymphocyte responses. These findings contextualize the increased ROS levels ob-
served in the present study as potential triggers for redox signaling and secondary immune activation in treated

cells.

3 Conclusions and future perspectives

The current results confirm that ultrasound, especially when combined with ZnO nanostructures, effectively pro-
motes ROS formation in living cells. This observation aligns with recent comprehensive reviews on sonodynamic
therapy (SDT) mechanisms [35] and nanosonosensitizer-based immunotherapy [34].

While microwave exposure generates comparatively moderate oxidative stress, its use as a complementary or sen-

sitizing tool for SDT remains promising and warrants further exploration.

Looking forward, several research directions emerge as essential to deepen the mechanistic understanding and

therapeutic applicability of ultrasound-enhanced ROS production:
e Expanding ROS quantification to identify specific species (e.g., O3, OH');
e Applying 3D tumor spheroid models to better replicate the in vivo redox microenvironment [35];
e Developing multifunctional nanosonosensitizers for combined SDT and immunotherapy [34];
e Investigating real-time imaging and machine learning—based optimization of sonosensitizer efficiency.

In conclusion, the integration of ultrasound-induced ROS formation data with recent literature supports the grow-
ing understanding of SDT as a mechanochemically driven and immunologically relevant therapeutic modality. The
comparison with contemporary nanosonosensitizer and sonomechanical models demonstrates a strong convergence
between experimental findings and theoretical frameworks, reinforcing the robustness and translational potential

of this study’s results.
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