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Abstract

Ultrasound (US) is a widely used diagnostic technique in the medical field, and in
recent decades, it has also gained significant interest for therapeutic purposes. In
particular, US has been shown to be effective for drug delivery due to its ability to pro-
vide better spatial confinement and reduce undesired side effects. In addition to that,
phase-shift perfluorocarbon(PFC)-based formulations have been demonstrated to be
promising US-sensitive platforms for controlled oxygen delivery to treat tissue hy-
poxia diseases. This has provided the basis for the synthesis of new oxygen delivery
platforms, the oxygen-loaded nanodroplets (OLNDs), characterized by a PFC-based
liquid core formulation. These new platforms have shown promising properties,
including highly stability, bioinertness and biocompatibility, ease of preparation, and
relatively low cost. Additionally, their nanosized dimensions enhance extravasation.
The physical mechanism triggering the oxygen release by US is acoustic cavitation.
In particular, interacting with the US field, OLNDs first undergo acoustic droplet
vaporization (ADV), passing from liquid nanodroplets to gaseous microbubbles, and
then acoustic cavitation. Cavitation is actually composed of two separate moments.
As the bubbles are formed, they start growing until reaching their resonant sizes
around which oscillate (stable cavitation) and release their content in a controlled
way. If the acoustic pressure further increases, bubbles undergo a violent collapse
(inertial cavitation). However, at present there is no complete characterization at a
fundamental level of the different signals produced by US-activated sonocarriers.
Therefore, the first aim of this PhD thesis is to obtain a metrological characteri-
zation of the cavitation phenomena induced by US through parallel investigation
approaches.

In the first part, therefore, three different US-sensitive carriers were used, includ-
ing two different PFP-based OLNDs using polyvinyl-alcohol (PVA) or chitosan as a
polymeric shell, and zinc oxide nanoparticles (ZnO NPs) that behave as cavitation
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nuclei for the formation of bubbles inside a liquid solution. A customized setup
was developed to monitor the response to US stimuli of the carriers flowing inside a
customized channel, through different sensors. A passive cavitation detector (PCD)
provided information about cavitation, showing that the occurrence of both stable and
inertial cavitation events in the presence of sonosensitive carriers enhanced compared
to pure water. The ecographic probe was used for real-time ultrasonic imaging to
monitor bubbles formation and oscillation within the channel. From the recorded
videos, a novel method was developed to extrapolate quantitative information about
stable cavitation activity, finding good correlation with the results obtained through
PCD analysis. Finally, a high-speed camera was used for optical imaging to monitor
the group behavior of bubbles related to each sample under the excitation of the
acoustic field.

In the second part of the study, the focus shifted towards an improvement of the
OLNDs performances in order to overcome some limitations due to the US activation
source. In particular, acoustic field presents a limited ability to reach deeper zones of
the human body due to absorption that US undergoes while travelling across human
tissues. A possible solution to this challenge is the alternative use of the magnetic
field which is characterized by a more penetrating profile. However, OLNDs first
need to be functionalized through magnetic agents (nanoparticles) to become sensi-
tive to the magnetic field for this approach to be effective.
A few studies have been found in the literature that have investigated magnetic
OLNDs (MOLNDs), but their focus has mainly been on the use of the droplets as US
imaging platforms during hyperthermia treatments performed by the magnetic NPs
bound on their surface. This work, on the other hand, aims to obtain a dual-sensitive
system capable of releasing oxygen through the use of either ultrasound or magnetic
field obtaining comparable results in terms of performance. The mechanism behind
the oxygen release mediated by an alternating current (AC) magnetic field is the
magnetic droplet vaporization (MDV). Specifically, the nanoparticles interacting
with the AC magnetic field are able to produce local heat on the droplet surface,
leading to an increase of the temperature up to the boiling point of the PFC-core
employed, thus enabling the vaporization and the gas release.
Six different OLNDs, differing in core and coating, were prepared for the study,
and Fe3O4 NPs were used as magnetic functionalization agents. The optimal NPs
concentration was found in order to ensure a good bounding over the droplets surface
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and a detailed preparation method was presented. After a physico-chemical charac-
terization of the MOLNDs, providing information about their morphology, shape
and ζ potential, also the acoustic response was tested, in order to evaluate the NPs
influence on the OLNDs behavior. It was found a shift of the cavitation thresholds,
both stable and inertial, towards lower acoustic pressures due to the functionaliza-
tion. Two different setups were then used to assess that correct occurrence of the
functionalization phase, one based on the ecographic imaging while the other on a
microfluidic setup, both evaluating the influence of a static magnetic field on the
MOLNDs streaming velocity and trajectory. Finally, the oxygen released following
US and AC magnetic field was monitored and compared, confirming the effectiveness
of the magnetically-mediated approach as valid alternative as therapeutic method.
Furthermore, the comparison between the cores and coatings allowed to perform
an evaluation of the optimal carrier in terms of functionalization rate and oxygen
release control.

Overall, this study provides new insights into the potential of sono-sensitive
nanosystems to release oxygen. More information about OLNDs acoustic response
is provided, together with a novel method for monitoring the cavitation activity. A
standardized method is also proposed to make OLNDs dual-sensitive systems using
as activation source also the magnetic field, proving therefore their high potential as
promising and versatile oxygen delivery systems.
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Chapter 1

Introduction

In last decades, the interest in the development of novel drug administration tech-
niques have shown a significant increase from the scientific world due to the limits
presented by conventional methods used in standard medicine. The necessity to
overcome these limits, together with the impressive improvements obtained in the
nanotechnology field, has led to the development of new miniaturized drug delivery
carriers (nanocarriers) able to perform treatments to specific diseases directly towards
unhealthy cells and tissues, providing for the first time the so-called drug targeting
[11, 12]. A crucial rise in the therapeutic activity of the drugs and, at the same
time, a reduction of the problems related to their toxicity soon have shown the great
potential of this innovative technology, enabling the advancement of the nanocarriers
engineering so as to spread their efficacy to a variety of pathologies [13, 14].
In this first chapter, it is presented the state of the art achieved in the drug delivery
branch, briefly describing the variety of approaches developed in the field. The focus
then moves towards the ultrasound (US) stimuli responsive drug delivery technique,
that represents the center of this work. A general overview on US field in medicine
is first presented, followed by a qualitative introduction to the acoustic cavitation,
i.e. the mechanism induced by US that actually enables the drug release. Perfluo-
rocarbon (PFC)-based oxygen loaded-nanodroplets (OLNDs) are then introduced
as innovative and efficient oxygen carriers for treatment of hypoxic diseases, giving
an overview of their actual application and studies in the research field, including
the recent development of magnetic oxygen-loaded nanodroplets (MOLNDs). These
last carriers, thanks to the presence of magnetic nanoparticles on their structure are
able to couple both acoustic and magnetic stimuli for their medical purpose.



1.1 State of the Art 2

To conclude, the chapter explains the motivation and scope of this work, based on
the fact that most of the studies present in literature are more focused on the direct
droplets treatment application without going deeper in the phenomena characteriza-
tion.

1.1 State of the Art

A drug delivery system is a platform able to release active pharmaceutical molecules
in order to achieve a specific desired therapy [2]. The conventional delivery tech-
niques implies the use of a variety of different systems, such as pills, tablets, capsules,
syrups, ointments, creams, gels and others, each characterized by a specific admin-
istration method. Figure 1.1 shows all the possible routes used in conventional
drug delivery administration and Table 1.1 describes the respective administration
method for each rout. The factors that influence the choice of the optimal method
for administering a drug depend on the characteristics of the drug itself, such as its
physical and chemical properties, as well as the specific disease being treated. These
factors may include the site in the body where the drug is to be administered, the
absorption rate of the drug, and the condition of the patient [1, 15].

Fig. 1.1 Possible routes exploited for the administration of drug to a patient [1].
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Table 1.1 Administration routes for drug delivery.

Administration route Description

Oral Shallowed by mouth
Buccal Held inside the cheek

Sub-lingual Put below the tongue
Enteral Directly delivered into the intestine or stomach
Nasal Breathed in

Ophthalmic Dropped into eyes
Otic Dropped into the ear

Rectal Inserted into the rectal
Vaginal Inserted into the vagina
Topical Applied to the skin

Transdermal Given through a patch placed on the skin
Infused Injected into a vein and slowly dripped in over time

Intramuscular Injected into the muscle
Intravenous Injected into a vein

Subcutaneous Injected under the skin

Among the others, oral administration, in which a drug is swallowed and dissolved
in the stomach in order to be through the intestines, is the most common and oldest
form of administering therapeutic and medical products. However, for drugs that
cannot survive the stomach environment causing undesirable side effects, parenteral
routes may be used to bypass the gastrointestinal tract. These routes include intra-
venous, subcutaneous, and intramuscular injections, which have a faster absorption
rate compared to oral administration. In cases where tissues have strong barriers or
poor vascularization, direct injection methods may be necessary for drug administra-
tion. However, traditional drug delivery systems often have limited bioavailability,
fluctuating drug levels in circulation, and difficulties in achieving sustained drug
release.
The ultimate aim of drug delivery techniques results, thus, to have a direct control
in the increase of the drug concentration in a specific part of the body compared to
others [16].
A drug formulation is the result of a specific dosage form obtained by mixing the
active pharmaceutical ingredient (API) with the non-drug component, i.e. excipi-
ents/additives, in order to increase drug stability, enhance bioavailabilty, improve
safety, allow for convenient dosage, mask the taste, etc. [17, 18]. An important
aspect to consider when dealing with drug delivery systems is their pharmacokinetics,
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i.e. the study of how the organism affects the drug. As schematized in Figure 1.2, a
drug undergoes four phases during its administration:

1. the drug movement from its administration site towards the systemic circulation
is called absorption and depends on different factors (route of administration,
drug physicochemical properties) [19]. The percentage of adsorbed drug is
called bioavailabilty and is strictly dependent on the administration method, for
example in oral administration it results quite limited due to both incomplete
absorption and drug metabolism in the liver, while intravenous injection is
characterized by 100% of bioavailability. Furthermore, absorption can occur
either by passive or active transport. In the first case, the drug movement is
due to the concentration gradient present at cell membranes, inducing drug
molecules to pass across it from higher concentration region to the lower one.
In this case, absorption is influenced by drug solubility, molecular size, degree
of ionization and the absorptive surface area available. Active transport, on
the other hand, allows the transport against a concentration gradient exploiting
an external energy source;

2. the transfer from the bloodstream and the extra-vascular fluids and tissues
(muscles, brain, fat) is the drug distribution and is crucial for establishing the
amount of drug able to reach target regions respect to the rest of the organism.
Therefore, this phase is important for the definition of the drug efficacy and
toxicity and depends on some factors, such as the blood flow, molecular sized,
binding affinity with the plasma proteins and lipophilicity [20, 21];

3. in the liver and in the gut wall, drugs undergo the metabolism due to the activity
of enzymes. During this step, the drug amount can be reduced up to 70−80%
before being absorbed into the systemic circulation [22];

4. the last phase regards the removal of metabolites and unchanged drugs, the
so-called excretion that can occur through different routes, including bile,
sweat, urine, tears.

The drug release profile, which refers to the variation in drug concentration in the
plasma over time, is a critical element in the effectiveness of a drug delivery system
[23]. This profile helps to determine the range of concentrations that should be
maintained between the minimum effective level and the toxic level in order for the
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Fig. 1.2 Pharmacokinetic phases of a drug [2].

drug to be both effective and safe in its therapeutic action [24]. The therapeutic index
(TI), which compares the amount of the therapeutic agent that is actually effective to
the amount that causes toxicity, can be used to evaluate the relative safety of a drug
[25, 26]. TI is calculated as the ratio between the toxic dose of the drug and the dose
that produces a therapeutic effect.
One of the main challenges with conventional drug delivery systems is their in-
ability to maintain drug doses within this therapeutic range. The drug level in the
systemic circulation after a conventional single dose typically experiences a steep
initial rise due to fast metabolism, followed by an exponential decrease. To address
this issue, controlled release drug delivery systems have been developed that are
able to maintain drug levels within the therapeutic window for longer periods of
time. Table 1.2 compares the advantages and disadvantages of conventional and
controlled drug delivery systems. The design of a controlled release drug delivery
systems is crucial for achieving the improvements listed in Table 1.2, and a range
of factors must be considered in this process. These factors can be divided into
two categories: formulation-related and drug-related parameters. The first category
includes characteristics of the biomaterials used in the system’s formulation, such as
biocompatibility, hydrophilicity, surface chemistry, degradation rate, and rheological
properties. It also includes the route of administration, pharmacokinetics, and meth-
ods to improve stability, such as controlling dimensions, adding growth factors, and
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Table 1.2 Advantages and disadvantages of conventional and controlled drug delivery sys-
tems.

Advantages Disadvantages

Convenience in administration Poor absorption
Non-invasive and good IVIVC No target specificity

Conventional Accurate unit dosage form Premature excretion
Drug Higher self-life Fast drug metabolism

Delivery Accommodate patient variation Poor bioavailabilty
Flexibility in dose adjustment Repeated dosing

Low cost Poor patient compliance

Controlled release Low toxicity
Target specificity Dose dumping

Controlled Long drug residence Invasive administration
Drug Metabolism protection Reduced efficacy

Delivery Improved bioavailability Poor IVIVC
Low dosing frequency Limited standards

Better patient compliance higher cost

manipulating the colloidal state [27]. The second category concerns the properties
of the drug itself, such as the binding efficiency with plasma proteins, the ability to
cross biological barriers and regulatory factors are the major factors [28].
Classification of controlled drug delivery systems is based on the release mechanism
exploited [29]:

• dissolution-controlled systems - drug is coated with a dissolving polymeric
membrane or matrix [30];

• diffusion-controlled systems - drug is trapped in a inert water-insoluble poly-
meric membrane or matrix and the release occurs via diffusion from higher to
lower concentration sites [31, 32];

• osmotic-controlled - osmotic pressure is exploited using either drug which
itself acts as osmogen or adding an osmogenic salt to the formulation. The
water penetration into the system, controlled by the osmotic pressure generated
between a rigid semipermeable and biocompatible membrane, controls the
drug rate releases [33];
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• swelling-controlled - drug is dissolved in a hydrophilic polymeric matrix in a
glassy state. When the system is put in an aqueous solution, water enters the
matrix lowering the glass transition point below the ambient temperature. In
this way, polymer becomes swollen and rubbery, allowing drug diffusion out
of the matrix [34];

• chemically-controlled - employing biodegradable polymers for building the
structure of the drug delivery system, it is possible to initiate the release by
means of spontaneous degradation of the polymers due to the exposition to the
biological environment [35]. Drug can be either dissolved within the polymer
or chemically conjugated to it and, in both cases, the need of excretion of the
delivery system is overcome by the biodegradability of the polymers;

• stimuli-responsive - some biomaterials, if subjected to a physical or chemical
external stimulus, undergo physico-chemical changes can be exploited for the
induction of the drug release in the desired site [36, 37].

A strategic role in the design of drug delivery systems is therefore played by the
choice of the biomaterial. Biomaterials are substances properly engineered, with
the purpose to interact with the biological environment for therapeutic or diagnostic
aims. They allow to modulate the drug pharmacokinetics, defining the physico-
chemical properties and the release profile of the drug delivery systems. Polymers,
proteins, polysaccharides, peptides and lipids are the usual biomaterials involved in
the formulation of nanocarriers that can be characterized by diverse sizes, properties
and architectures [38]. The choice of the optimal biomaterial is based on the type of
drug, site and route. Furthermore, it needs to be biocompatible, non-toxic, with good
mechanical strength, preferably biodegradable and hydrophilic [27].

1.1.1 Stimuli-responsive Drug Delivery

Stimuli-responsive drug delivery systems have garnered significant interest in the
scientific community due to their high versatility and potential for treating a variety
of difficult diseases. The ability to utilize different materials and stimuli has resulted
in an exponential increase in research efforts focused on this technology, leading
to important advancements in the development of a wide range of drug delivery
platforms.
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In the treatment of stimuli-responsive systems, a key consideration is the type of
stimulus used to activate the carrier and release the drug. These stimuli can be
classified as endogenous or exogenous, depending on whether they are induced by
the target organic environment or an external source [38, 39].
The first category relies on the induction of a chemical reaction through the in-
teraction between the biomaterial used for the carrier formulation and the organic
environment to which the system target. For instance, pH variations can be exploited
in specific organs to trigger the drug release, either using a polymer with ionizable
groups that undergo solubility changes in an environment characterized by a pH gra-
dient or designing a polymer-based system with acid-sensitive bonds whose cleavage
allows the release of the bounded molecules [40–44]. Another approach is based on
the exploitation of the ability of enzymes to recognize and catalyze physicochemical
material changes. It is possible, thus, to perform the enzyme-mediated drug release
through drug accumulation at a specific target. This mechanism is enhanced by the
fact that some diseased conditions present an overexpression of specific enzymes
making this systems particularly useful and effective thanks to their high specificity
[45–48]. Carriers sensitive to redox chemical reactions, instead, offer a promising
approach for drug delivery, as they can release the drug by degrading the polymer
structure only in a reducing environment. This type of environment is typically
found in tumor cells, allowing for targeted drug delivery to cancerous cells while
minimizing the impact on healthy cells [49–51].
On the contrary, exogenous stimuli-responsive drug delivery systems utilize an exter-
nal energy source to induce a physicochemical reaction on the carrier’s polymeric
structure, resulting in the release of the drug. These systems can be activated by
a variety of external stimuli, including temperature changes, light, magnetic and
electric fields, and ultrasound, each of which exploits a specific physical property of
biomaterials. This allows for the controlled release of therapeutic agents through the
application of external stimuli.
One of the most investigated stimuli-responsive strategy has been the thermorespon-
sive drug delivery. This is based on the non-linear sharp change in the properties of
carrier biomaterial induced by a local temperature variation [52, 53]. Ideally, nanocar-
riers need to be characterized by a trigger temperature higher then human body value
(∼ 37 ◦C) in order to control the release through an external thermal source. Gener-
ally, thermoresponsive materials show a low critical solution temperature and heat
can be applied using temperature-controlled water sacks, radiofrequency oscillators
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or microwaves applicators. Thermoresponsive drug delivery can be also obtained
inducing a temperature decrease (cryotherapy). In this case, the encapsulated drug
is led to spontaneously diffuse out as a consequence of the increase of the carrier
porosity due to a reversible de-swelling process.
External light can be used non-invasively in case of photosensitive biomaterials
allowing a delivery with high spatial and temporal precision [54–56]. Using this
kind of biomaterials, the systemic drug dose can be reduced, minimizing the unde-
sired side effects and extending the action over time only in the desired site [57].
The most common light source exploited is the ultraviolet irradiation (UV) since
light-responsive biomaterials are mostly sensible to short wavelength light [58, 59],
but, in order to overcome limits due to UV poor tissue penetration and damaging
effects on healthy organs, recently, near-infrared (NIR) or visible-light responsive
materials have been investigated [60–62].
Also magnetic stimulation has been exploited for activation of drug delivery carriers.
It shows great advantages in targeting the desired sites, controlling the release rate
and monitoring the concentration and distribution of the system. Usually, Fe3O4

superparamagnetic nanoparticles (SPIONs) with dimensions around 100 nm or less
are involved in this kind of application, offering a convenient combination between
magnetic responsiveness and biocompatibility [63, 64]. SPIONs are usually en-
capsulated in colloidal carriers or polymeric shells and, when interacting with a
high-frequency alternating magnetic field, induce hyperthermia for releasing drug
[65].
Systems composed of electro-active polymers (EAPs) can undergo a change in shape
or volume as a consequence of electric current stimulation [66]. Specifically, under
an electrical potential, EAPs can be reversibly oxidized/reduced altering polymer
charge and conformation allowing either a direct repelling of the drug payload or an
increase of its diffusion outside the carrier [67]. Moreover, thanks to reversibility
of redox reactions, many electro-responsive carriers can be stimulated repeatedly
resulting in a on-off switch [68].
Another promising source, already used in medicine for different diagnostic tech-
niques, is US, showing great advantages respect to the others, especially regarding its
cost and safety profile maintained during the interaction with health tissues. Being a
central matter of this work, the description of this last US-based stimuli-responsive
drug delivery method is going to be treated in detail in the following section.
Table 1.3 summarizes the main advantages and drawbacks related to each of the pre-
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viously described exogenous stimuli drug delivery systems. Recent advancements in

Table 1.3 Comparison between exogenous stimuli for drug delivery systems

Stimulus Advantages Drawbacks

Design versatility Safe and sensitive materials
Thermal field Easy tunability Poor mechanical strength

Passive targeting Low compatibility

High precision Limited penetration
Light Easy tunability Invasive for deep zones

Low cost Challenging targeting

Efficient targeting Possible cytotoxicity
Magnetic field Intensity modulation High cost

High tissue penetration

Significant design freedom Low tissue penetration
Electric field High release control Possible tissue damage

High cost

Good penetration Challenging targeting
Acoustic field Easy tunability Challenging homogeneous

Low cost exposure

stimuli-responsive systems have resulted in the development of multi-stimuli respon-
sive systems, which are capable of responding to multiple stimuli [69–71]. These
systems can offer a range of benefits, including the ability to integrate the advantages
of each strategy into a single platform, with the capacity to overcome the limitations
of single-stimulus carrier through improved modularity and spatiotemporal control.
In particular, one of the main problems of single-stimulus drug delivery systems
comes from the various physiological and pathological barriers they meet especially
when dealing with anticancer treatments. The use of co-triggered carriers allows
to use a specific stimulus for different levels of the organism therefore overcoming
sequential barriers. Furthermore, they exhibit more degree of freedom in their design,
giving the possibility to merge together therapeutic and imaging purposes in a single
system.
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1.1.2 Ultrasound Drug Delivery

US application in medicine field is widely diffused since decades due to its imme-
diate significance from a practical point of view. From a clinical aspect, indeed,
US possesses great versatility in all the branches of medicine, from obstetrics to
cardiology, orthopedics and so on, particularly thanks to its non-invasive character-
istics and relatively easy management [72]. Historically, US find its first medical
application in the 50 s for the development of a brain imaging technique, leading to
the understanding of its great potential so that nowadays it results the second most
used imaging methods worldwide [73].
Among the others, the use of ultrasonic contrast agents (UCAs) for enhancing the
acoustic signal in US imaging techniques has demonstrated impressive advancement
in image contrast and spatial resolution [74]. In this kind of technique, images are
generated from the measurement of the propagation of high frequency acoustic waves
interacting with materials and tissues characterized by different acoustic properties
[75, 76]. UCAs exploit their high echogenicity for amplifying the acoustic signal
emitted by tissues, allowing imaging also of organs with poor US contrast [77].
The agents consist typically of gas-filled microcarriers with dimensions ranging in
1−10 µm that, interacting with US field, undergo acoustic cavitation phenomena
that enhance the reflected US signal. The physical principles behind acoustic cav-
itation are exposed in detail in Section 2.1. The high sensitivity, portability, low
cost and the good safety profile demonstrated by these formulations through the
various studies have led researchers to spread their application beyond the imaging
techniques."Indeed, in addition to their diagnostic capability and thanks to their struc-
ture, carriers can be loaded with molecules, drug or gene as well as functionalized
with ligands, thereby giving the possibility to reach specific targets of the human
body, hence allowing the expansion of these methods also to promising therapeutic
strategies, such as gene and drug delivery"[78]. The specific contents encapsulated
within the carrier depend on the type of sonosensitive carrier utilized. For instance,
solid nanoparticles (NPs) can store and release drug molecules or reactive oxygen
species (ROS), whereas microbubbles or nanodroplets can transport pharmaceutical
or gas molecules.
"In general, US interacting with a biological system generates effects that can be
categorized as thermal and non-thermal effects. Both thermal and non-thermal effects
can have important biological consequences and are being studied extensively in
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the field of medical ultrasound. Thermal effects refer to the changes in temperature
that occur due to the absorption of US energy [79]. This is useful in targeted drug
delivery to heat the drugs, drug carriers and/ or exposed tissues, increasing the release
itself, the drug diffusion, permeation and cell uptake [80]. Non-thermal effects refer
to the biological effects that are not due to a change in temperature, but rather to
the mechanical effects of US waves on tissues and cells. These effects can include
cavitation (the formation and collapse of gas bubbles in a liquid), microstreaming
(the movement of small volumes of liquid due to the pressure gradients created by
US waves), and mechanical stress on cells and tissues."Stable cavitation enables
controlled drug delivery, releasing bubbles contents only at the desired site. Inertial
cavitation, on the other hand, allows the use of sonosensitizers, such as solid NPs,
in sonodynamic therapy (SDT) for cancer treatment, generating ROS [81]. ROS
generation results from two primary mechanisms: sonoluminescence and tempera-
ture increase, both of which occur during bubble collapse [82]. Inertial cavitation
generates light, activating sensitizers similarly to photodynamic therapy (PDT) [83],
whereas the high temperature generated can break down the sensitizers, creating free
radicals that react with endogenous substrates to produce ROS [84]. Excessive ROS
levels in cells can damage proteins, nucleic acids, lipids, membranes, and organelles,
potentially activating cell death processes such as apoptosis and necrosis [85].
More in general, US drug delivery, thanks to its advantages, has resolved the major
constraints of conventional methods, mostly related on the accumulation in cells,
nanoparticles uptake and undesired non targeting delivery [86] and, to date, has been
employed to treat cancer, thrombosis, neurogenerative diseases, diabetes [87–89].

1.1.3 Phase-shift Perfluorocarbon Nanodroplets

Recently, research has shown an increased interest in the development of new oxygen
carriers for treating hypoxic tissues as a consequence of a variety of diseases, such
as cancer, diabetes and infections, due to the fact that the current hyperoxygenation
techniques have several drawbacks [90–93]. New perfluorocarbon (PFC)-based
microbubbles formulations have been proposed as they provide promising properties.
These molecules possess the ability to stabilize gases, exhibit high stability, and are
biologically inert [94–97].
Another advantage derives from the interaction between bubbles and acoustic field,
which leads to a local modulation of permeability of both the cell membranes and mi-
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crovasculature. This interaction enhances the release of oxygen and drugs in specific
areas. Building upon this, researchers have developed oxygen-loaded nanobubbles
(OLNBs) that have a core of perfluoropentane (PFP) and a chitosan shell. These
OLNBs have demonstrated efficient, stable, and biocompatible oxygen delivery [90].
Moreover, this has paved the way for the creation of oxygen-loaded nanodroplets
(OLNDs), which have a core structure of liquid decafluoropentane (DFP) at body
temperature [91, 98, 99]. OLNDs have shown superior gas release efficiency com-
pared to microbubbles while maintaining other favorable properties [100, 91, 96].
Notably, with diameters on the scale of a few hundred nanometers [101], OLNDs
can traverse the vascular system and passively accumulate in targeted regions. Figure
1.3 shows the interest in the study of these nanostructures, underlining the growth in
the number of publications related to OLNDs starting from 2005.
"There are many principles behind the activation of nanodroplets and the consecutive

Fig. 1.3 Number of publications per year related to phase-shift PFCs nanodroplets [3].

release of gas; these are due to the interaction between acoustic field and the liquid
solution. Firstly, US induces bubble formation after acoustic droplet vaporization
(ADV), a phase shift of the droplets into their vapor form (bubbles) [102]. An impor-
tant advantage deriving from the use of nanodroplets respect bubbles is given by the
fact that, changing their physical and chemical properties, it is possible to set both
the boiling temperature at which PFCs are able to vaporize into bubbles and also the
diffusion velocity of the inner gas in the following gas delivery. Moreover, compared
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with the microbubbles, OLNDs are able to maintain their nanometer dimensions in
the bloodstream, demonstrating longer circulation time until activation is induced by
US excitation [103].
After bubbles are generated, the sinusoidal acoustic pressure variation that the US
field generates leads to their consecutive oscillation until the cavitation phenomenon
[104]. Oscillation goes on for a few acoustic cycles leading the bubbles to reach
resonance size: when it happens, they may undergo either a stable linear oscillation
near the resonant size (stable cavitation) or a violent collapse (transient or inertial
cavitation). During stable cavitation, oscillation is characterized by microstreaming
and Bjerkness secondary forces: the first produces a vortex with shear forces that
can be strong enough to break particles or to permeabilize cells; the second forces,
due to their attractive and repulsive nature, can attract particles close to the bubbles
and release their content. In bubble collapse, instead, a formation of shock waves
with high pressure is induced and, owing to translational motion of the bubbles,
a jet stream of liquid that can pass through the bubbles and hit the objects in the
surrounding zones may occur. This event have been shown to result in a range of
uncontrolled side effects that can be harmful to the biological environment. It is
therefore important to avoid inertial cavitation in order to minimize these potential
risks. To this aim, the working acoustic range needs to be defined in order to limit the
inertial cavitation activity."Figure 1.4 schematizes the interaction between a liquid
nanodroplet and the acoustic field, starting from ADV, up to cavitation.

Fig. 1.4 Schematic representation of ADV and acoustic cavitation mechanisms of a liquid
nanodroplet interacting with a sinusoidal acoustic field.

Chemical composition of nanodroplets is made of three main parts, the PFC core as
already mentioned, the loaded drug or gas and an encapsulation shell, each influenc-
ing both the final acoustic response and also the stability of the system. The shell
has to be designed to maintain the spherical shape of the droplet with a constant
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diameter after injection, as well as to expand during ADV. The state of the shell
strongly influences the actual surface tension of nanodroplets, while the choice of
the PFC core defines the boiling point at which vaporization can be initiated. ADV
process is thus promoted until sufficient acoustic energy is induced to overcome the
Laplace pressure provided by the shell and, until that condition nanodroplets stay
stable in liquid phase [105]. Therefore, the shell selection needs to take in considera-
tion both the mechanical resistance for providing enough Laplace pressure and the
compliance for enabling large deformation during ADV [106]. At the moment, the
most popular employed materials for nanodroplets shell result polymers and lipids,
although surfactants and albumin are often used. Table 1.4 describes advantages and
disadvantages of each material [107, 108].

Table 1.4 Advantages and disadvantages of materials used as shell.

Material Advantages Disadvantages

Albumin Easy preparation method High rigidity
Surfactants Appropriate droplets stabiliza-

tion
Low affinity for PFCs, high en-
ergy required for ADV

Lipids Versatile formulations Lateral phase separation due to
hydrophobic lipids mismatch

Polymers Easy and efficient drug loading,
adsorption rate enhanced by high
surface to volume ratio, possibil-
ity of acting as effective target-
ing tool

High bubbles instability, leaking
of PFC before reaching target
site due to outer shell defects,
high cavitation acoustic pressure

The selection of perfluorocarbons as nanodroplets liquid core comes from the ne-
cessity to satisfy important requirements. First of all the core has to be preferably
hydrophobic, bioinert and with an appropriate boiling point in order to circulate
safely before US are applied and all these criteria can be met by PFC employment
[109]. PFCs are chemical compounds characterized by carbon-fluorine bonds and
differ each other in the length of the chain that determines the specific boiling temper-
ature. PFCs used for nanodroplets synthesis are listed in Table 1.5 with the respective
boiling point. Furthermore, the PFC concentration is also fundamental for tuning the
final nanodroplets sizes [110].
Final nanodroplets properties, in particular sizes and size uniformity, are also de-
termined by the synthesis technique. In turn, droplet dimensions and uniformity
influences their acoustic behavior and response, as well as the already mentioned
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Table 1.5 Perfluorocarbons used for nanodroplets core with relative boiling temperature.

Compound name Molecular
formula

Boiling
point (◦C)

Octafluoropropane (OFP) C3F8 -39
Perfluorobutane
(PFB)/decafluorobutane (DFB)

C4F10 -36.7

2H,3H-Decafluoropentane (DPF) C5H2F10 51-55
Perfluoropentane
(PFP)/dodecafluoropentane (DDFP)

C5F12 29

Pefluorohexane (PFH) C6F14 58
Perfluoromethylcyclohexane (PFM) C7F14 76
Perflorooctane (PFO) C8F18 105.9
Perfluorodichlorooctane (PFD) C8Cl2F16 176
Perfluoro-15-crown-5-ether C10F20O5 146

kinetics [107, 111, 112]. To this aim, a variety of techniques there exist, including
sonication, extrusion, agitation, microfluidic synthesis and bubbles condensation.
The first method developed for the production of submicrometer PFC droplets is
based on commercial homogenization/agitation systems to reduce particle dimen-
sions. Usually, droplets first are generated by mixing the shell components with an
aqueous solution and then adding perfluorocarbon and homogenising into emulsions.
Since all components stay within a single container, these techniques avoid material
losses. However, these methods often produce droplets with a wide size distribution
and low reproducibility [113].
Sonication is the most common due to its low cost and simple process. It is based
on the acoustic emulsification of shell component and perfluorocarbon in a aqueous
solution [91, 114]. Another advantage of this technique, respect for instance to flow
based ones, is given by the fact that the system is closed during synthesis and thus
the loss of components of the emulsion is quite limited. Moreover, it is also easy
to incorporate other agents into droplets. On the other side, the high energy input
can lead to destruction of the emulsion components from the probe [115], the probe
erosion can contaminate the solution and the size distribution results quite large.
Extrusion is a more complex method for PFC droplet synthesis and often requires
the development of a specific method for each formulation [116, 117]. In addition,
droplets aggregation is facilitated and the addition of other compounds is quite
challenging. However, this method is gentler respect sonication and allows to obtain
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formulations with higher monodispersivity.
Microbubble condensation relies on the use of precursors microbubbles at the gaseous
state that are then condensed reducing the temperature and rising the pressure until
the core passes to the liquid phase [111]. The advantages provided by this method
include the easy generation of high concentration emulsions with minimal equipment
requirements and the possibility to manipulate bubbles before condensation [118].
However distributions are highly polydisperse, presenting a considerable amount of
quite large droplets.
An approach demonstrating significant results in the droplet size control is based on
the exploitation of a microfluidic equipment, able to directly produce monodisper-
sive nanoscaled PFC carriers through a tip-streaming regime [119–121]. The main
problems related to this approach are due to the high specialized equipment required
and the low production yield, meaning that to be effective for in vivo applications,
the process takes many hours.

1.1.4 Magnetic Nanodroplets

Conventional methods for causing droplet vaporization, such as ADV and optical
droplet vaporization (ODV), rely on the use of US or optical sources [102, 122].
These methods are limited in their ability to reach deeper target regions in the human
body, as the penetrability of these energy sources is dependent on the properties
of the tissue they must pass through. To address this limitation, researchers have
proposed the use of an alternating magnetic field, which has been shown to have
better penetration depth, in combination with magnetically functionalized OLNDs
[123]. This approach, known as magnetic droplet vaporization (MDV) [124, 125],
utilizes the heat generated by the interaction between the magnetic field and the func-
tionalized OLNDs to vaporize the droplets, potentially allowing for more effective
treatment of deeper tissue regions.
Furthermore, functionalization of droplets produced using MDV with magnetic par-
ticles enables exploitation of the magnetic field for targeting desired regions, while
simultaneously allowing for monitoring using US imaging capabilities [126–129].
This combination of magnetic targeting and US imaging capabilities makes MDV a
powerful tool for a wide range of applications, including drug delivery, microfluidics,
and particle synthesis.
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1.2 Motivation and Scope

The work is divided into two main sections. The first section focuses on the study of
OLNDs systems, while the second part presents the experimental results and their
analysis on the OLNDs functionalization with magnetic iron-oxide nanoparticles.
While there have been several studies that examine the use of acoustic nanodroplets
techniques, most of these studies have focused on in-vitro or in-vivo applications
without a thorough characterization of the underlying physical processes. In order to
better understand the behavior of these nanodroplets and their potential applications,
this first section of the study aims to optimize a setup for inducing cavitation in
specific types of droplets and to fully characterize the different signals (acoustic,
ecographic, and optical) generated by the interaction with ultrasound. By thoroughly
characterizing the basic phenomena involved, this study aims to provide a foundation
for future in vitro and in vivo studies of acoustic nanodroplets. The results of the
OLNDs are also compared to the acoustic response of zinc oxide (ZnO) porous
nanoparticles. Indeed, these nanoparticles have the ability to act as cavitation nuclei
under an acoustic field, which means they can facilitate the formation of gas bubbles
in a solution [9]. In particular, ZnO has been widely studied for biomedical appli-
cation due to its biocompatibility, bioimaging high performance properties and its
ability to generate reactive oxygen species in SDT [130–132].
The second section is focused on the preparation and characterization of PFCs-
based MOLNDs. Research in the field has mainly focused on the application of
MOLNDs for magnetic hyperthermia treatment or in vitro biocompatibility studies,
cell internalization, and magnetic hyperthermia efficacy, thus directly focusing on
their application and without taking into account the oxygen delivery as therapeutic
aim. In this study, a standardization of the preparation method is developed, using
different PFC cores and three polymeric coatings. Furthermore, both the functional-
ization of the droplets and the occurracy of the magnetically induced vaporization
are investigated and demonstrated, with a final comparison of the oxygen release
obtained through acoustic and magnetic field.
In summary, by conducting a series of experiments to characterize the behavior of
these droplets under different conditions, this study sought to fill this gap in the
literature and provide insights into the potential of these systems for drug delivery
and other applications.
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1.3 Chapter Summary

• Chapter 2: the theoretical background is presented in order to give the mathe-
matical basis for the understanding of the physical behavior of carriers interact-
ing with an ultrasound field. Furthermore a brief description of the mechanism
leading to the perfluorocarbon-based droplet vaporization is presented.

• Chapter 3: this chapter describes the methods and equipments implemented
for each measurement together with the outline of the experiment procedure.
It is divided in three main sections, the first related to the evaluation of the
uncertainty in the measurements carried on this work, and the others to the
experimental setups exploited during measurements. Specifically, in the second
part the customized setup built for the characterization of the acoustic response
of OLNDs and ZnO nanoparticles is described. The last section is focused
on the development of a procedure for the MOLNDs preparation with the
characterization methods exploited for understanding the physicochemical
properties of the samples. Furthermore, the techniques employed for validating
the appropriate functionalization of the samples and the induction of MDV
through an alternating magnetic field are presented, concluding with the setups
implemented to obtain a comparison of oxygen released through US and AC
magnetic field stimuli.

• Chapter 4: results obtained for each section are detailed. First, a metrological
characterization of the signals emitted during OLNDs and ZnO NPs interac-
tion with the acoustic field is presented. In particular, the acoustic pressure
ranges to work in the stable cavitation regime are defined for each sample, a
correlation between acoustic signal and ecographic imaging is found and, as
final investigation, the group dynamics behavior is studied. Furthermore, some
statistics are extrapolated from the videos recorded with the improved optical
setup.
In the second part, the evaluation of the physicochemical properties of MOL-
NDs, due to the presence of Fe3O4 NPs on their surfaces, are evaluated. Then,
the functionalization process is assessed as starting point for the evaluation of
the oxygen release performances obtained inducing an AC magnetic field on
the magnetic samples. Also the MDV process is checked, confirming that the
oxygen release is actually induced by the magnetic field.
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• Chapter 5: the last chapter summarizes the whole content detailed in this
work, briefly explaining the motivation of the research, its scope and discussing
the obtained results. Starting from these, moreover, for each section some
possible future works are presented.



Chapter 2

Theoretical Background

The interaction between intense ultrasound waves and a liquid solution leads to
the formation, growth and final collapse of bubbles, i.e. acoustic cavitation event
[133]. Cavitation is the physical phenomenon at the base of the oxygen release in
sono-sensitive oxygen nanocarriers.
This chapter has the aim to provide the theoretical framework necessary to un-
derstand the physical principles that are behind the experiments performed in this
project. In the first part of the chapter, the laws derived from the interaction between
US mechanical waves and sono-sensitive nanocarriers dispersed in a solution are
described, focusing also on the different models that describe the bubbles behavior
that lead to the cavitation phenomena.
The second part is instead centered on the explanation of the mechanism that induces
US-induced phase-shift perfluorocarbon nanodroplets to pass from liquid to vapor
phase, i.e. the ADV. This type of carriers exploits the fact that are synthesized in liq-
uid phase and, by means of US, are able to vaporize and then to undergo cavitation for
the oxygen release. In particular, first the thermodynamics behind phase transitions
is proposed, starting from the intermolecular forces description until going through
the Laplace pressure theory, that includes the size effects on vaporization mechanism.
Secondly, the propagation of pressure wave and its interaction with the droplet itself
is described, showing how the focusing effect due to the droplet-wave interaction
increases the nucleation rate in the solution, giving an important contribution to the
ADV initiation.
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2.1 Acoustic Cavitation

Acoustic waves propagate through various media, such as air and liquids, at the
speed of sound as a result of mechanical oscillations in pressure. The fundamental
property that dictates wave propagation is its frequency, which in the case of sound
waves, is determined by the number of pressure oscillations per second [134]. In
the entire frequency spectrum of sound waves, ultrasound is defined as inaudible
sound, characterized by frequencies above 20 kHz, although for practical purposes,
this threshold is often shifted to frequencies above 10 kHz.
During each cycle, the pressure amplitude oscillates between positive and negative
values relative to atmospheric pressure. When the amplitude is higher than the
external pressure, the cycle results in a rarefaction phase, in which the instantaneous
pressure is negative [135] and the force per unit surface area generated in a liquid
leads to an expansion of the element.
Acoustic cavitation takes place when a time-varying pressure is superimposed on
the steady ambient pressure of a solution [104]. Specifically, gas dispersed in the
solution under this condition can no longer be dissolved in the liquid and induces the
generation of bubbles. Regions in which gas is located are called weak spots and the
number of these spots is proportional to the amount of generated bubbles. This kind
of phenomenon is different with respect to boiling, due to the final collapse event of
the bubble that characterizes cavitation. Regardless of the generation mechanism,
bubbles grow with the same process related to the pressure variation cycle imposed
by ultrasound. In acoustic cavitation, considering for simplicity a pre-existing bubble
in solution in presence of a sinusoidal acoustic field (Figure 2.1), the alternating
pressure variation imposed allows bubble to expand during the rarefaction phase and
to compress during the positive peak of the acoustic cycle. This alternation of growth
and compression lasts until bubble reaches a resonant size, that is only dependent on
the acoustic field frequency, after which bubble finally collapses.
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Fig. 2.1 Scheme of the bubble growth and final collapse under sinusoidal acoustic field.

The resonant size of bubbles can be easily derived, in a first analysis, through
this formula:

ν0Rr ≈ 3 ms−1 (2.1)

where ν0 is the resonant frequency and Rr is the resonant radius. Considering the
ultrasound frequency range as 20 kHz ≤ ν ≤ 1 MHz, from Equation (2.1) it comes
out that resonant size oscillates in the range of 3 µm ≤ r ≤ 150 µm. Furthermore,
depending on the finale bubble size, the cavitation effects are weaker or stronger so
as different working frequency are exploited in different application fields of this
phenomenon. Few acoustic cycles are usually enough to reach the resonance size,
after which bubbles may undergo two different processes:

• transient or inertial cavitation, in which bubbles start being unstable and
experience a final violent collapse;

• stable cavitation, in which bubbles stay stable in solution for many cycles
oscillating around their resonant size.

The final bubble collapse is a quasi-adiabatic process during which considerable
heat exchanges happen between inside and outside of the bubbles and, locally, both
temperature and pressure undergo an intense increase reaching thousands of Kelvin
and bars [136]. Moreover, shock waves are produced in the surrounding area of the
bubbles after their implosion [137–139].
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Another important consequence of bubble collapse is the dissociation of water vapor
and oxygen due to this drastic increase of temperature and pressure, generating
oxidants such as (·H) and (OH·) oxidizing solutes inside the solution [140].

2.1.1 Bubble Nucleation

In general, bubble nucleation occurs as a result of three main mechanisms [141].
The first mechanism takes place at the surface of solids, such as crevices of motes or
particles, or the walls of a liquid container. In a crevice, for example, the gas pocket
presents a concave surface in which the pressure inside the pocket is reduced by the
surface tension of the pocket itself. The first mechanism takes place at the surface
of solids, such as crevices in rocks or particles, or the walls of a container holding
a liquid. The presence of an ultrasound field in the solution causes the gas pocket
in the crevice to expand during the negative peak phase, leading to the diffusion of
gas from the solution to the pocket and further decreasing the pressure inside the
pocket. Conversely, during the compression phase, the pressure inside the pocket
increases as the gas pocked is compressed. The rate of diffusion during expansion is
higher than during compression, resulting in an overall growth of the gas pocket with
each acoustic cycle. This is due to both the higher amount of gas diffusing into the
pocket than the one diffusing out, being the available surface area larger during the
compression phase compared to the expansion phase, as well as the thinner boundary
layer during expansion as its volume is nearly constant over all the cycles.
The second mechanism for nucleation results from the presence of impurities in
solution that act as cavitation nuclei [142]. This process is allowed by the fact
that initially present bubble nuclei are stabilized against dissolution thanks to the
presence on their surface of surfactants which strongly retard the gas diffusion across
the bubble surface.
The last mechanism is related to the fragmentation of active cavitation bubbles [143].
This phenomenon comes from an initial bubble resulting unstable due to asymmetric
acoustic environment reasons (presence of a neighbor bubble, solid object, liquid
surface etc.) [144–146] that lead, under some specific conditions, to the generation
of many tiny bubbles which behave as new cavitation nuclei [147, 148].
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Fig. 2.2 Scheme of the cycle of gas bubbles in liquids under acoustic field [4]

2.1.2 Bubble and Acoustic Field

The Figure 2.2 illustrates the different processes that bubbles in a solution can un-
dergo when interacting with an acoustic field. One such process is called coalescence
in which two or more bubbles merge together to form a bubble of greater size. In a
gas saturated solution, single bubbles can also expand over multiple acoustic cycles
through a process known as rectified diffusion. If a bubble becomes large enough,
it can rise to the surface of the solution due to buoyancy, a phenomenon referred
to as degassing. Additionally, bubbles can also experience stable and then inertial
cavitation, violently collapsing. Under certain conditions, this can lead to fragmenta-
tion into smaller bubbles emitting light under specific conditions. This phenomenon
is known as sonoluminescence [149]. The behavior of bubbles can be predicted by
taking into account factors such as its radius, the working acoustic frequency, the
driving pressure, and the dissolved gas concentration.

2.1.3 Bubble Oscillator

Bubbles in a liquid solution can be modeled as an oscillatory system known as a
bubble oscillator [150].The behavior of this system can be described though a set
of physical laws by taking into account various parameters, including the external
environment and the properties of the gas inside the bubble. The ultimate goal of this
model is to derive a mathematical expression for the bubble’s radius as a function of
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time, known as the cinematic law of the bubble, represented by R(t).
It is important to note that when modeling the bubble, it is generally assumed to
be immersed in an infinite mass of homogeneous, incompressible fluid and initially
in a spherical shape with a radius Rn at rest. These initial assumptions and all the
parameters involved in the model description are shown in Figure 2.3.

Fig. 2.3 Bubble parameters of bubble and liquid environment used to describe the oscillator
system through the Reyleigh Model

The model used to start the description the behavior of bubbles in a liquid
solution is known as the Rayleigh model [151]. This model takes into account
various physical parameters, including the pressures inside and outside the bubble,
represented by the variables pin and pe respectively. The polytropic exponent κ

is also considered, which represents the ratio of specific heats of the gas and is
important for describing adiabatic heat transfer across the bubble. Additionally, the
density ρ , dynamic viscosity µ , and surface tension σ of the liquid are also taken
into account.
The Rayleigh model describes the temporal evolution of the bubble radius through a
second-order differential equation and is one of the most widely used and accepted
model that describes the behavior of the bubble oscillator, and provides the starting
point for describing the cinematic law of bubble R(t):

ρRR̈+
3
2

ρṘ2 = pin − pe (2.2)

in which the differentiation with respect to time is expressed by an overdot.
The left part of equation (2.2) shows the evolution of the system, where the coordinate
reference system is transformed from the spherical three-dimension geometry to
one radial dimension, while the right side indicates that the motion of the bubble
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is mainly driven by the difference between pressures inside and outside the bubble.
Pressures pin and pe become both radius R and time t dependent as soon as the gas
fills the bubble, in addition to being dependent on the surface tension, liquid viscosity
and applied acoustic field, leading the Reyleigh model to take the following form
(Rayleigh-Plesset model [152–155]):

ρRR̈+
3
2

ρṘ2 = pgn

(Rn

R

)3κ

+ pv − pstat −
2σ

R
− 4µ

R
Ṙ− p(t), (2.3)

where pgn is the gas pressure inside the bubble at rest that can be written as dependent
on the static pressure pstat and the vapor pressure pv:

pgn =
2σ

Rn
+ pstat − pv. (2.4)

The term p(t) represents an external pressure applied at the bubble surface. When
dealing with a sinusoidal ultrasonic excitation of oscillation frequency νa and pres-
sure amplitude pa, this pressure can be expressed as:

p(t) =−pa sin(2πνat). (2.5)

The negative sign is a mathematical convention assuming the oscillation starting
with an expansion.
Joining equations (2.5) and (2.3) the fundamental equation of a single gas bubble
under a sinusoidal acoustic field becomes:

ρRR̈+
3
2

ρṘ2 = pgn

(Rn

R

)3κ

+ pv − pstat −
2σ

R
− 4µ

R
Ṙ+ pa sin2πνat. (2.6)

Through this final expression it is possible to describe the initial system, but other
parameters deriving from the presence of sound radiation into the liquid due to the
bubble oscillations cannot be taken into account. A more complete model is then
the Gilmore model [156] that describes bubble surfaces as spherical loudspeakers
that adsorb sound radiation. Furthermore, in case of strong oscillations, this model
includes the Van der Waals law in order to consider the incompressibility of the gas
inside the bubble. The model reads as:(

1− Ṙ
C

)
RR̈+

3
2

(
1− Ṙ

3C

)
Ṙ2 =

(
1+

Ṙ
C

)
H +

Ṙ
C

(
1− Ṙ

C

)
R

dH
dR

, (2.7)
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in which H represents the enthalpy defined as

H =
∫ p|r=R

p|r→∞

d p(ρ)
ρ

(2.8)

where p(ρ) is the Tait equation describing the adiabatic heat transfer by means of
the parameters A, B and nT :

p(ρ) = A
(

ρ

ρ0

)nT
−B, (2.9)

p|r=R =
(

pstat +
2σ

Rn

)(R3
n −bR3

n
R3 −bR3

n

)κ

− 2σ

R
− 4µ

R
Ṙ, (2.10)

p|r→∞ = pstat + p(t), (2.11)

C =
√

c2
0 +(nT −1)H. (2.12)

In particular, the parameters and variables introduced in the model are the sound
velocity in the fluid at normal conditions c0, the sound velocity at the bubble surface
C and the Van der Waals constant b.
Featuring also a retarded time t −R/c in the equations, the sound radiation from
the oscillating bubble is incorporated, obtaining the Keller-Miksis model [157]. A
model equivalent to the Keller-Miksis to first order in 1/c and dispensing with the
retarded time is(

1− Ṙ
c

)
RR̈+

3
2

(
1− Ṙ

3c

)
Ṙ2 =

(
1+

Ṙ
c

) p1

ρ
+

R
ρc

d p1

dt
, (2.13)

where
p1 =

(
pstat +

2σ

Rn

)(Rn

R

)3κ

− pstat −
2σ

R
− 4µ

R
Ṙ− p(t) (2.14)

and p(t) is the same as Equation (2.5). Again, the Van der Waals term can be
introduced as defined in Equation (2.10).
Using for the parameters in (2.14) the values typical for a gas bubble in water, it is
possible to evaluate the radius of the bubble at rest:

• pstat = 100 kPa;

• pν = 2.33 kPa;

• σ = 0.0725 Nm-1;
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• κ = 1.67, assuming the gas inside the bubbles to be a noble gas;

• µ = 0.001 MPa;

• c = 1500 ms-1;

• ρ = 998 kg m-3.

From these, it can be proved that at rest the bubble radius Rn can cover a range from
micrometers to several millimeters, depending on the driving frequency νa and the
pressure amplitude pa.
Models just described - Rayleigh-Plesset (2.6), Gilmore (2.7) and Keller-Miksis
(2.13) - all three derived starting from Rayleigh theory, are able to provide an
astonishing precise description of most of the experiments performed on oscillation
phenomena of spherical bubbles. This has been proved, for instance, by Popinet and
Zalski [158] exploiting the Rayleigh-Plesset model for the evaluation of the free,
decaying oscillation of a bubble with radius at rest Rn = 5 µm in water. In particular,
they compared their results with the Neiver-Stokes equation, used as reference,
finding an error lower than 1% within six periods of the decaying oscillation.

2.1.4 The onset of stable and inertial cavitation

Safar derived the physical equations governing the bubble growth and the relative
pressure thresholds at witch this event happens [159] and, soon after, Apfel exploited
Safar’s results in order to develop a series of prediction charts to illustrate the areas
of the different cavitation activity [5]. Figure 2.4 shows an example of a prediction
chart for a 10 kHz frequency system illustrating the areas of different cavitation
activity:

• Region A - In these conditions, bubbles result under inertial control and their
growth is only due to rectified diffusion, as will be discussed in section 2.1.5.
As resonance regime is reached, characterized by a radius R = Rr, bubbles
start a more violent behavior until collapse.

• Region B - Here bubble growth can be due either to rectified diffusion or to
mechanical means [4], even if bubbles at the beginning are not transient. Until
fragmentation occurs, bubbles stay in region C.



2.1 Acoustic Cavitation 30

Fig. 2.4 Cavitation prediction chart for a 10 kHz system in a 100% gas saturated system
taken from Apfel [5] showing the different cavitation regions bubbles can undergo.

• Region C - In this conditions bubbles stay in a transient region for cavitation:
the boundary with region B represents the transient threshold, called Blake
threshold [160].

Using Safar’s equation the boundary rectified diffusion pressure PD, representing the
threshold between regions A and B, can be predicted:

pD

pstat
=

[
3µ

(
1+ 2σ

pstatRD

)][
1− ν2

a
ν2

res

]√
1+ 2σ

pstatRD
−Ci/C0√[

6
(

1+ 2σ

pstatRD

)] , (2.15)

in which µ represents the fluid viscosity, νa and νres the driving and resonance
frequencies, C0 and Ci the concentrations of the gas dissolved in the solution at
saturation and far from the considered bubble, respectively. Furthermore, the Blake
threshold pB can be evaluated through

pB = pstat +
8σ

9

√√√√ 3σ

2
[

pstat +
2σ

RB

]
R3

B

. (2.16)
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All this theory works well for predicting single bubbles behavior. For a multi-
bubbles system the variety of pathways in which bubbles can enter make its study
more complex to be predicted; thus, in order to understand bubbles dynamics it is
prudent to start with the case of a single bubble in an acoustic field as discussed in
section. 2.1.3

2.1.5 Growth of a bubble - Rectified diffusion

Rectified diffusion is a phenomenon that occurs when bubbles oscillate under an
acoustic field. It is characterized by the unbalanced mass transfer across the bubble
surface, leading to either bubble growth or dissolution.
When the pressure induced in the solution is greater than the rectified diffusion
pressure, p > pD, the bubble slowly grows. This is because the mass of gas that
enters the bubble during the negative phase of the oscillation cycle is greater than
the amount that exits during the positive one. Conversely, when the pressure is lower
than pD, the bubble dissolves as more gas exits the bubble than enters. This is due to
the influence of the Laplace pressure generated by the surface tension acting on the
surface of the bubble [161].
A theory proposed by Eller and Flynn explains this unbalanced mass exchange
through two main effects: the area effect and the shell effect [162]. The area effect is
related to the fact that the gas diffusion into the bubble occurs during the expansion
phase when the bubble is bigger, while during the compression phase, gas is diffused
out. Since the diffusion rate depends on the surface area available, a higher amount
of gas goes into the bubble than out and thus, after some acoustic cycles, the bubble
results in an overall growth.
The shell effect concerns the boundary layer (shell) through which the gas transfer
physically occurs, as shown in Figure 2.5. In particular, the shell layer varies during
the compression and expansion phases, leading to an increase and a decrease of its
thickness, respectively. As a consequence, the concentration gradient is lower during
compression, resulting in a smaller driving force for the mass transfer.
Eller and Flynn developed a mathematical model able to evaluate the change in the
gas moles number in a bubble, through the equation:

dn
dt

= 4πDRnC0

[〈 R
Rn

〈
+Rn

√
⟨(R/R0)4⟩

πDt

]
H (2.17)
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Fig. 2.5 Scheme of the thickness of the boundary layer (shell) of a bubble changing during
its expansion and compression cycles, and showing how bubble expansion enhances the
concentration gradient.

with

H =
Ci

C0
−

〈(
R
Rn

)4( pin
pstat

)〉
〈(

R
Rn

)4〉 . (2.18)

In both the previous equations the angle brackets mean averaged values over time t,
while D is the gas diffusivity through the shell and pin the pressure inside the bubble.
Starting from this, Crum added to Eller’s model the thermodynamics of the process,
obtaining the variation of the radius of a spherical bubble as function of time [161]:

dRn

dt
=

Dd
Rn

[〈 R
Rn

〉(
1+

4σ

3pstatRn

)−1
H
]

(2.19)

in which H is the enthalpy defined as in Equation (2.18). Introducing Rg as the
universal gas constant and the absolute temperature T , d can be expressed as:

d =
RgTC0

pstat
. (2.20)

A more comprehensive model that builds upon the theory proposed by Eller and
Flynn has been developed by Fryllas and Szeri. This model takes into account
not only the area and shell effects, but also the movement of the boundaries of the
bubble’s shell [163, 164]:

⟨p[R(t)]⟩=
∫ Tosc

0 R4(t)p[R(t)]dt∫ Tosc
0 R4(t)dt

(2.21)

in which R(t) is the instantaneous bubble radius, p[R(t)] the corresponding pressure
inside the bubble and Tosc the period of the bubble oscillation. Using Equation (2.21),



2.1 Acoustic Cavitation 33

an expression similar to eq. 2.19 can be obtained, with the form:

dRn

dt
= F(R,Rn, ...)

Ci

Cg
−

〈(
R
Rn

)4−3κ〉
Tosc〈(

R
Rn

)4〉
Tosc

 (2.22)

where
Cg =

(
1+

2σ

Rn pstat

)
C0. (2.23)

Considering the equilibrium conditions for which there is no net gas diffusion on
average (dRn

dt = 0), Equation (2.22) for the rectified diffusion becomes:

Ci

C0
−
(

1+
2σ

Rn pstat

)〈( R
Rn

)4−3κ〉
Tosc〈(

R
Rn

)4〉
Tosc

= 0. (2.24)

The above-described expression results in a complex formula able to express the
typical bubble dimension at equilibrium under an acoustic field with amplitude pa.
The dependency on the applied pressure in the equation derives from R(t), itself
dependent on pa.
From this equation, the value of the resonant frequency νres of a bubble during the
rectified diffusion regime can be derived as follows:

νres =
1

2πRn0
√

ρ

√
3κ

(
pstat +

2σ

Rn=
− pν

)
− 2σ

Rn0
− 4µ2

ρR2
n0
. (2.25)

This result can be inverted in order to obtain the resonance size of the bubble. This
final expression obtained is compatible with Rayleigh-Plesset (2.2), Gilmore (2.7)
and Keller-Miksis (2.13) models.
A simplification of Equation (2.25) was then introduced by Minnaert [165] linearizing
the previous expression resulting in a more straightforward formula for determining
the resonance size of a bubble under rectified diffusion:

νres =
1

2πRn0

√
3κ pstat

ρ
. (2.26)
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Considering an air bubble dissolved in water with κ = 1.4 and ρ = 998 kg m-3,
under a static pressure pstat = 100 kPa, it comes out an expression very similar to
Equation (2.1):

νresRn0 = 3.26ms−1. (2.27)

Considering again the US frequency range, typical resonance sizes of a bubble can
vary from Rn0 ≈ 3 µm to Rn0 ≈ 150 µm.
To conclude this treatment, it has to be specified that bubbles are able to resonate not
only at the fundamental driving frequency ν0, but also at its multiple and submultiple
values, leading to reach a series of differing resonance radii depending on the
actual frequency they oscillate. In particular, if ν(n) = n ·νres with n = 1,2,3..., the
frequencies are integer multiple of the fundamental one and are called harmonics
frequencies. If ν = νres · n

2 (where n= 1,2,3...) other not integer multiple frequencies
are involved, which are called sub-harmonics and ultra-harmonics.

2.1.6 The coalescence process

Up to now, the bubble growth treatment has been carried out considering only single
bubble systems. In such a system, the main phenomenon leading to growth actually
is rectified diffusion, as previously explained. However, in a more realistic scenario,
there are typically a large number of bubbles interacting with each other. These multi-
bubble systems can experience growth mechanisms beyond just rectified diffusion,
making it important to consider the dynamics and interactions of multiple bubbles.
Indeed, in parallel with rectified diffusion, growth is due also to bubble coalescence
[166].
This process can be divided into three different phases, that are shown in Figure2.6
and described as:

1. Bubbles approaching, during which two bubbles with respectively radius R1

and R2 start moving in the fluid until getting sufficiently close. At this point, a
quasi-equilibrium film with a thickness ≈ 1−10 µm forms between them in a
thermodynamically controlled process;

2. Thickness of the previous presented layer begins to reduce up to ≈ 100 nm
due to gravity and suction forces. At this scale, the electric double layer
(EDL) forces decrease while Van der Waals interactions increase, leading to a
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metastable equilibrium. At this stage, it is possible for the film to roughly col-
lapse interrupting the coalescence process and thus causing repulsion between
starting bubbles;

3. In this final phase, if the metastable equilibrium is maintained, the film con-
tinues to further reduce its thickness below 10nm, eventually breaking and
allowing the two bubbles to merge.

Fig. 2.6 A) Scheme of coalescing process of two colliding bubbles and B) variables used for
two bubbles in contact [6].

Moreover, it has to be highlighted that the studies presented by Lee and Sunartio
proved that coalescence phenomenon is similar in the case bubbles are excited by an
acoustic field or not [148, 167].

2.1.7 Inertial Cavitation and its applications: sonochemestry and
ROS generation

Inertial cavitation has been first described by Rayleigh [151], which provided a
mathematical expression of this phenomenon through the derivation of a scaling law
of the radius variation in time.
According to the results he obtained, during their expansion, bubbles are able to
store a certain amount of potential energy. This energy increases over each acoustic
cycle up to its maximum value when bubbles reach the critical sizes. At that point,
bubbles collapse and convert this potential energy into kinetic one, causing a high-
velocity fluid motion in the surrounding environment. This motion results to be
characterized by a velocity higher than the sound speed, and, as a consequence, the
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gas stored into the bubbles is violently ejected. During this final collapse, bubbles
reduce their radius, drastically increasing the gas density inside, due to the fact that
the gas molecules approach each other until the Van-der Waals repulsive forces
dominate, and bubbles stop to compress. This phase can be treated as an almost
adiabatic phenomenon that results in a sharp rise of the local temperature of the order
of thousands of degrees. Studying the flux of heat exchanged between inside and
outside the bubble [168], the temperature during each bubble phase can be evaluated
through the equation:

TR −T0

TC −TR
=

√
Kgcpgρg

Llcplρl
. (2.28)

T in equation (2.28) represents the absolute temperature respectively associated to
the bubble surface (TR), to the liquid away from the bubble (T0) and to its center (TC);
K instead is the thermal conductivity and ρ and c the density and the specific heat
associated respectively to the gas (Xg) and the liquid (Xl).
The value of the temperature that can be reached during the bubble collapse, thus re-
lated to the minimum bubble radius reached, can be evaluated through the estimation
obtained by Noltingk and Neppiras [155]:

T (Rmin) = T0

( Ri

Rmin

)3(κ−1)
, (2.29)

where Rmin is the minimum radius reached during this process and Ri the starting
radius for the adiabatic process. From Equation (2.28), it can be derived that the
temperature is dependent on κ , meaning that monoatomic gas molecules (higher
κ) generate higher temperature increase with respect to polyatomic ones (lower κ).
Equation (2.29) is instead useful for the understanding sonochemistry, one of the
main ultrasound application.
Sonochemistry is a brunch of chemistry that uses ultrasound in order to induce
chemical reactions driven by acoustic cavitation [169]. As already explained, within
inertial cavitation, very high temperatures are induced and the solvent vapor and gas
molecules present inside the bubbles undergo endothermic chemical reactions that
lead to the generation of highly reactive radical species.
Considering, for instance, bubbles in a water based environment, the main acousti-
cally catalyzed reaction is the water dissociation:

H2O → H ·+ ·OH, (2.30)
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that leads to the production of hydrogen atoms (·H) and hydroxyl radicals (OH·)
[170]. These last result highly reactive and, in turn, can interact with other free
radicals or ions present in solution. In particular, the hydroxyl radical OH∗ assumes
high importance since it is responsible for oxidizing chemical reactions.

2.2 Phase-shift Perfluorocarbon Nanodroplet Vapor-
ization

In 1998, Apfel revolutionized the field of drug delivery systems with the development
of nanometer-sized droplets with a perfluorocarbon core, capable of converting into
microbubbles under ultrasound stimulus [171]. This discovery paved the way for the
development of various phase-changing nanodroplets solutions with a fluorocarbon
core, coated with lipid, protein, or polymer shells to improve their stability in
aqueous solutions [172, 105, 173]. More in general, these submicron-diameter liquid
emulsion particles, known as nanodroplets, can be converted into gas bubbles through
thermal, mechanical, or electromagnetic energy, a process known as vaporization
[8]. Upon vaporization, nanodroplets expand from a few hundred nanometers to a
few microns and, interacting with an US field, are capable of undergoing cavitation
phenomena. In this chapter, we will first discuss the intermolecular forces and the
construction of the equilibrium phase diagram. Next, we will present the main
theories developed to describe the vaporization of nanodroplets and their significance
in the field of drug delivery systems.

2.2.1 Intermolecular Forces and Equilibrium Phase Behavior

Vaporization is the transition from the liquid to gas phase based on the balance
between intermolecular pair potentials and thermal energy [174]. For vaporization
to occur, the momentum transfer during molecular collisions must be strong enough
to overcome Van der Waals attractive forces, leading molecules to transition from an
organized state to a chaotic one [175].
Different sources can be exploited to provide the energy necessary for inducing
vaporization, and among these sources, acoustic fields are particularly useful. ADV
is the process that utilizes ultrasound to induce vaporization in a liquid [176]. The
concept of ADV is rooted in thermodynamics, specifically the relationship between



2.2 Phase-shift Perfluorocarbon Nanodroplet Vaporization 38

phase state, phase change, and vapor pressure. The vapor pressure is defined as the
pressure of a gas in equilibrium with the liquid or solid in a closed system at a given
temperature. This pressure is proportional to the temperature of the condensed phase
and represents the force exerted by molecules attempting to escape the liquid or solid
and form a gas phase.
The boiling point of a liquid is defined as the temperature at which the vapor pressure
is equal to 1 atm, marking the point of equilibrium between the gas and liquid phases.
Above the boiling point, the liquid boils, while below it, the liquid condenses to
gas. ADV leverages this relationship by manipulating the local pressure of the liquid
through sound waves, causing the phase transition from liquid to gas or vice versa,
without involving any temperature increase.
Going further into the classical phase shift description, it is important to note that the
stability of molecules in gas and liquid phases governs this transition. In gas phase,
the orientation of molecules results in a lack of constant shape and volume, while
in the liquid phase, the volume remains constant but the shape does not. During
vaporization, the transition from a more organized state (liquid) to a disordered state
(gas) requires an increase in kinetic energy to overcome intermolecular attraction
forces. These intermolecular attraction and repulsion energies can be described by
the Lennard-Jones 6-12 potential [177, 7], whose trend can be seen in Figure 2.7, as:

ΦLJ = 4ε

[(r0

r

)12
−
(r0

r

)6]
(2.31)

where ε is the depth of the molecular potential well, r describes the distance between
molecules centers and r0 the same distance at minimum potential condition. The
Lennard-Jones potential theory is a molecular interaction model that describes the
potential energy resulting from electrostatic interactions between molecules. This
potential energy is composed of an attractive long-range component due to Van der
Waals forces and a hard sphere repulsion [178]. The Van der Waals attraction forces
involve interactions between two permanent dipoles (Keesom energy), between a
permanent dipole and an induced dipole (Debye energy), and between two induced
dipoles (London energy). As a result, molecules tend to occupy a state of mini-
mum energy that balances the ability to move freely within a certain range [179].
Overcoming the attraction forces allows matter to transition from a liquid state to
an infinitely dispersed gaseous state. Variations in temperature or pressure within
the system can manipulate the kinetic energy associated with the Van der Waals
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Fig. 2.7 Lennard-Jones 6-12 potential diagram [7].

potential, dictating the physical state of matter..
However, the Lennard-Jones does not delve into the specifics of what occurs when
thermal energy is applied to a material. For this purpose, statistical and classical
phase-change thermodynamics are now studied more deeply. Statistical thermody-
namics establishes the relationship between pressure p, temperature T , and a specific
material phase, which is defined as:

p = kBT
(

∂ lnQ
∂V

)
T,N

(2.32)

with kB the Boltzmann constant, V and N the volume and mole number respectively,
and lnQ the canonical partition function taking into account all the possible molecu-
lar orientations at the thermal equilibrium, as described by Carey [174].
Combining Equation (2.32) with the canonical partition function, the pressure ex-
pression, dependent on temperature and volume, normalized respect to the number
of moles N and the molecular mass M̄, can be derived as:

p =
RgT

ν −bv
− av

v2 (2.33)

with the universal gas constant Rg equal to:

Rg =
NAkB

M̄
, (2.34)
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NA the Avogadro number, v the specific volume and av and bv the Van der Waals
constants:

av =
27(R̄g/M̄)2T 2

C
64pC

(2.35a)

bv =
(Rg/M̄)TC

84pC
, (2.35b)

with pC and TC are the critical pressure and temperature, i.e. the temperature at
which no gas is present in the solution unless it reaches its critical pressure [180].
Joining Equation (2.34) and (2.35), the reduced equation of state is obtained:

pr =
8Tr

3vr −1
− 3

v2
r
, (2.36)

in which Xr stands for reduced value, i.e. normalized respect its critical value (Tr =

T/TC). The statistical thermodynamic dependence between temperature, volume and
pressure can be appreciated in Figure 2.8A. For temperatures below the critical value
(blue and orange lines), a local minimum and a local maximum can be appreciated,
meaning that considering as constant both reduced pressure and temperature, three
values of reduced volume can exist simultaneously, indicating the coexistence of
multiple physical states. Following the classical thermodynamics, a substance is
allowed to undergo a phase transition only passing through an equilibrium state in
which the chemical potential is the same for both vapor and liquid phases. Therefore,
considering a reduced pressure, an isobaric line can be built between the two phases
allowing equal probability (Figure 2.8B). This condition of equal probability is
ensured by the fact that the areas of the regions above and below the isobaric line
(A and B) are the same. Figure 2.8C shows the saturation curve obtained through
the isobaric lines. A saturation curve describes the conditions for liquid and gas to
change their phase, neglecting anyway the possibility of a multiphase stadium. This
curve is then used for generating the equilibrium P-V phase diagram (Figure 2.8D)
where the regions of pure vapor, liquid and vapor-liquid coexistence are represented.

2.2.2 Laplace pressure theory

Including in the treatment the size effects associated to nanoscale droplets, the
Laplace pressure needs to be taken into account for the phase-transition phenomena
description. Laplace pressure is defined for a spherical surface of radius Rn and
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Fig. 2.8 Plot of the reduced Van der Waals equation of state (2.36) [8]. A) Plot showing the
dependence of the pressure on temperature and volume. B) Plot enhancing the isobaric line
for a vapor-liquid transition at a specific temperature in which the regions A and B have the
same area (equal probability), meaning equal chemical potential. C) Saturation curve (black
line) built starting from the isobaric lines drawn on the pressure-volume curves. D) Reduced
pressure-specific volume liquid-gas phase diagram at fixed temperature.

surface tension σ as the difference between pressure inside and outside the droplet:

∆p = pin − pe =
2σ

Rn
. (2.37)

This is an additional pressure that nanodroplets undergo due to the surface tension
between the two immiscible phases that compresses the content (liquid or gas) of
the droplet [176]. Under equilibrium conditions, the liquid inside nanodroplets will
never experience a phase transition to gas due to the effect of Laplace pressure,
which is directly proportional to the inverse of droplets dimension (∝ 1/Rn). This
is because the liquid is contained within a small dimensional system, resulting in
a very intense Laplace pressure confinement. This particular condition is called
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superheating. Vaporization of liquid droplets to bubbles involves surface expansion
and thus can be affected by two physical entities, Laplace pressure and interfacial
tension that is the cohesive force holding the liquid molecules together at the surface.
In order to better understand the role of Laplace pressure in the droplet vaporization,
one now considers the case of C3F8 and C4F10 droplets and their relative pressure-
temperature diagrams, as shown in Figure 2.9. It has been shown that the interfacial

Fig. 2.9 Role of the Laplace pressure in the pressure–temperature phase diagrams for C3F8
A) and C4F10 B) [8].

tension during expansion phase passes from 0 to 73 mN/m [181] and it is useful to
investigate the Laplace pressure influence in the phase diagram. Laplace pressure
induces a shift in the P-T diagrams such as a lower pressure or higher temperature
is required for droplet vaporization, providing an explanation to the remarkable
metastability of superheated droplets. Starting from this consideration, the Antoine
equation can be used to correlate vapor pressure Pout and boiling temperature Tb

[182]:

Tb =
B

A− log10

(
Pout +

2σ

R

) −C (2.38)

where A,B and C are dimensionless empirical constant depending on the material.
This equation can be used to estimate the ultrasound peak negative pressure (PNP)
needed for submicron droplet vaporization evaluating the difference between the
droplet pressure Pin and the equilibrium vapor pressure Psat at specific temperatures.
Figure 2.10 shows how the Laplace pressure theory explains the dependence of the
pressure required fot vaporization on the droplet dimensions. Specifically, from this
results that smaller is the droplet diameter higher will be the PNP necessary for
inducing acoustic vaporization.
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Fig. 2.10 Theoretical ultrasound PNP trend respect to droplet size predicted through Antoine
equation [8].



Chapter 3

Methodology

In this chapter, a comprehensive overview of the materials and methods employed in
the experiments is presented. Specifically, the evaluation method for uncertainties,
following the guidelines provided by the Joint Committee for Guides in Metrology
(JCGM), is presented first in order to provide systematic and consistent measurements
and results.
Then, since this work is divided in two parts - one related to the characterization of
OLNDs cavitation mechanism and the second to the functionalization with magnetic
nanoparticles - a detailed description of the techniques and the processes used to
obtain the results is provided for each section.

3.1 Uncertainty of Measurements

The aim of a measurement is to provide numerical information about a physical or
chemical process, which helps in understanding the obtained data more effectively
[183]. However, it is essential to note that the outcome of a measurement is never
exact and is always dependent on several factors such as the measuring system, the
procedure used, the operator’s skills, and other potential sources of error that must
be taken into account [184].
Measurements are associated with two types of error: random and systematic errors.
Random errors are obtained when the same quantity is measured several times under
the same conditions and a different value is obtained each time. In order to obtain
a more reliable measurement, multiple values are measured and their average is
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calculated along with the dispersion, which indicates how well the measurement was
made.
The measuring system must provide values that are not dispersed with respect to the
true value of the quantity, but with respect to an offset value. The difference between
the offset value and the true value is called the systematic error, which is a constant
component of error or one that depends on other quantities in a specific and known
way.
For ensuring high-quality measurements, both types of errors must be accounted for
through a probabilistic method based on the concept of measurement uncertainty.
It is important to note that it is not possible to determine the exact true value of a
measurand, but only to estimate it based on the level of uncertainty, which reflects
the incomplete knowledge of the measurand. From a metrological perspective, the
notion of "belief" is crucial, as the results of a measurement must be quantified in
terms of probability, which represents the degree of belief.

3.1.1 Guide to the Expression of Uncertainty in Measurement

The JCGM promotes a Guide to the Expression of Uncertainty in Measurement
(GUM) to establish general rules for the evaluation of uncertainty in measurement
in different fields [185]. The principles of the Guide are thus aimed to cover a
broad spectrum of measurements, from the basic research to the production industry,
passing through the standards calibration and regulations.
This document first gives a definition of uncertainty related to the measurement of a
well-defined physical quantity, the so-called measurand, that can be defined by an
essentially unique value. Here follows a set of definitions given in the Guide [186]:

• the measurement is the sequence of operations performed to determine the
value of a quantity;

• the value represents the magnitude of a quantity expressed as a unit of mea-
surement multiplied by a number;

• the measurand is a particular quantity to be measured;

• the method of measurement relies to the generic logical set of operation ex-
ploited during the performance of measurements;
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• the measurement procedure is the specific sequence of operation used in the
performance of a particular measurement according to a given method.

• the result of a measurement is an estimation of the value attributed to a
measurand obtained by a measurement;

• the uncertainty is a parameter associated with the result that indicates the
degree of reliability in the result;

• the accuracy is the closeness of the agreement between the result of a mea-
surement and the respective true value;

• the precision instead is the closeness of agreement between indications or
measured quality values obtained by replicate measurements on similar objects
under specified conditions (repeatability or reproducibility);

• repeatability of reasults is the closeness of the agreement between the results
of successive measurements of the same measurand performed under the same
repeatability conditions (same procedure, observer, instrument, location etc.);

• reproducibility relies to the closeness of agreement between the results of the
same measurand carried out under changed conditions that have to be stated.

Performing a set repeated measurements, variations on the observations arise due
to influence quantities, that are not the measurand but that affect the result of the
measurement. Furthermore, also the mathematical model of the measurement used
to transform the set of repeated observations into the result includes various influence
quantities that are inexactly known. All this lack of knowledge gives a contribution
to the uncertainty of the result. In practice, uncertainty derives from many possible
sources, including the incomplete definition of the measurand, its imperfect real-
ization, the non-representative sampling, an inadequate knowledge of the effects of
environment conditions, personal bias in reading analogue instruments, instrument
resolution, inexact references, constants and external parameters, approximations
and variations.
GUM classifies uncertainty into two types: Type A and Type B. Both types of uncer-
tainty are based on probability distributions and can be quantified using variances
or standard deviations. Type A uncertainty is obtained through statistical analysis
of a set of measurements, while Type B uncertainty is derived from data obtained
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through calibration certificates, scientific judgment, or references. Although both
types of uncertainty provide similar information, they differ in their emphasis on the
procedures used to obtain the data.

3.1.2 Direct Measurements

The method used to evaluate uncertainty depends on the nature of the measurement
being performed, whether it is direct or indirect. For a set of direct measurements of
a quantity X (x1,x2, ...,xn), the first step is to identify and discharge any gross errors.
Gross errors are measurand values that deviate significantly from the other values,
and their recognition depends on the evaluation of the investigator. It can be caused
by both investigator itself and also momentary conditions or disruptions.
In the case of type A uncertainties, the set of independent observations qk performed
is considered as a n-element random sample of the infinite set of values, from which
the arithmetic mean value, its standard deviation and the degrees of freedom vk for
u(q) can be extracted, as defined in the following expressions:

q̄ =
1
n

n

∑
k=1

xk. (3.1a)

u(qk) =
√

s(qk)2 =

√
1

n(n−1)

n

∑
j=1

(q j − q̄)2 (3.1b)

vk = n−1 (3.1c)

where s2 and u2(q̄) have equivalent meaning and stand for squared experimental
standard deviation and squared experimental variance of the mean value. The degrees
of freedom associated with a certain uncertainty is a parameter counting how good is
the estimation of the standard uncertainty.
Type B standard uncertainty is crucial, particularly when repeated observations are
not feasible. In such cases, uncertainty is assessed through scientific judgment that
takes into account all available information on the potential variability of xi, such as
previous measurement results, general understanding of the behavior of materials
and instruments, manufacturer specifications, data provided in calibrations, and
uncertainties assigned to reference data. For Type B uncertainty, the degrees of
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freedom can be evaluated as:

vi ≃
1
2

[
δu(xi)

u(xi)

]−2

(3.2)

being an indication of how how much standard uncertainty is reliable.
If the value xi is for instance taken from manufacturing specifications, calibration
data or other sources, the uncertainty results to be the standard uncertainty u(xi)

divided by a multiplier and its correspondent variance is the square of that quotient.
In other cases it can be found that the quoted uncertainty defines an interval with a
specific level of confidence in percentage.
When the result of a measurement is obtained by a certain number of different
quantities, also the final overall uncertainty - combined uncertainty - is given by
considering each contribution, following the formula:

uC =
√

u2
A +u2

B1 +u2
B2 + ...+u2

Bm (3.3)

Starting from this, the concept of extended uncertainty U(x̄) is introduced in order
to make possible comparisons of measurement results performed with different
conditions and in different laboratories. In this case, the standard uncertainty of xi is
evaluated dividing the quoted value by a specific coverage factor k:

U(x̄) = k ·uC(x̄). (3.4)

The value of this factor depends on the type of probability distribution associated
to the specific measurement through which results are modeled and on the desired
coverage probability, i.e. the the fraction of the distribution of values that can
be reasonably attributed to the measurand. For instance dealing with a Gaussian
distribution, k = 2 associates a level of confidence of 95%, while k = 3 associates
the 97%.
In case of a coverage of 100% the concept of tolerance is obtained. This is defined
as the maximum expected amplitude range around the result of a measurement
including all the possible values attributed to the measurand. In Figure 3.1 and Table
3.1 are showed the shape and the coverage factors related to the normal distribution
respectively.
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Fig. 3.1 Gaussian (Normal) probability density function showing the range of values covered
for three different levels of confidence.

Table 3.1 Coverage factors and relative percentages of coverage relative to the normal
distribution.

Level of confidence (%) Coverage factor k

67.28 1
90 1.645
95 1.960

95.45 2
99 2.576

99.73 3

3.1.3 Indirect Measurements

In case of indirect measurements, the measurand cannot be compared to a reference
quantity, but its value is obtained by processing the results of one or more direct
measurements carried out on quantities related to it.
An indirect measurement, therefore, assumes the existence of an analytical model

y = f (x1,x2, ...,xi, ...,xm) (3.5)
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that relates the m measurements xi of the quantities q1, ...qm to the measurement y of
the quantity q0. The presence of the model implies an additional uncertainty, referred
to as "model uncertainty": f (...) does not exhaustively describe the relationships
in the empirical world. Therefore, the model may not perfectly capture the true
underlying relationship between the measured quantities, which can lead to errors
in the final result. It is important to account for this source of uncertainty in the
evaluation of the overall uncertainty of the indirect measurement. The evaluation of
uncertainty for indirect measurements typically involves propagation of the uncer-
tainty associated with the underlying quantities used in the calculation. According to
the GUM, the uncertainty in an indirect measurement is typically estimated using
the law of propagation of uncertainty (LPU), which provides a way to calculate the
combined standard uncertainty of a quantity resulting from the combined effects of
the uncertainties in the measured variables used in the calculation.
LPU is based on a first-order Taylor series approximation of the measurement model
f , for which the output combined uncertainty related to y can be expressed as:

u2
C(y) =

N

∑
i=1

(
∂ f
∂xi

)2
u2(xi)+2

N−1

∑
i=1

N

∑
j=i+1

∂ f
∂xi

∂ f
∂x j

u(xi,x j), (3.6)

where u(xi) is the standard uncertainty associated with xi,
∂ f
∂xi

the sensitivity coeffi-
cient describing how the output estimate y varies with changes in the values of the
input estimate xi and u(xi,x j) the covariance between Xi and X j.
In case the input quantities are uncorrelated, Eq. (3.6) becomes:

u2(y) =
N

∑
i=1

(
∂ f
∂xi

)2
u2(xi) =

N

∑
i=1

u2
i (y) (3.7)

The propagation of uncertainty formula can be applied to any indirect measurement,
and is an essential tool for evaluating the uncertainty associated with such mea-
surements. By accounting for the uncertainty in the underlying measurements, the
uncertainty in the final result can be estimated, providing a measure of the reliabil-
ity of the measurement. In conclusion, the evaluation of uncertainty for indirect
measurements requires careful consideration of the underlying measurements used
in the calculation. The law of propagation of uncertainty provides a mathematical
framework for estimating the uncertainty in the final result, and is essential for
ensuring the accuracy and reliability of the measurement.
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Following the discussion of measurement uncertainty and the law of propagation,
limited examples of uncertainty propagation in indirect measurements will be pro-
vided, which are relevant to the subsequent results presented.
For example, consider the measurement of a quantity C deriving from the sum or the
difference between two quantities directly measured, A and B, so as C = A+B or
C = A−B, each characterized by its uncertainty already known uA and uB. For both
cases, Eq.(3.6) becomes:

u2
C = u2

a +u2
b. (3.8)

Dealing with the measurement of the velocity of an object v, for instance, involves
the indirect measurement of distance x and time t. Suppose that the distance mea-
surement has an uncertainty of ux and the time measurement has an uncertainty
of ut . The velocity v is calculated as the ratio of distance over time, v = x/t. The
uncertainty in the velocity, uv, can be estimated using the law of propagation of
uncertainty, which states that:

uv =

√(
∂v
∂x

ux

)2

+

(
∂v
∂ t

ut

)2

where
(

∂v
∂x

)
and

(
∂v
∂ t

)
are the partial derivatives of v with respect to x and t,

respectively.

For the velocity example, we have
(

∂v
∂x

)
= 1

t and
(

∂v
∂ t

)
=− x

t2 . Therefore, the
uncertainty in the velocity is:

uv =

√(ux

t

)2
+
( x

t2 ut

)2

3.2 Multiple Approaches for Ultrasonic Cavitation Mon-
itoring

The aim of the first part of this study was focused on the characterization of the
signals emitted by US-sensitive nanocarriers during the interaction with an acoustic
field. To achieve this, three different sensors were used to collect acoustic, ecographic
and optical responses generated by two differently coated DFP-based OLNDs and
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sono-sensitive porous nanoparticles. The methods used to conduct this investigation
are described, beginning with the synthesis procedure of the nanodroplets and
the experimental setup, followed by the improvements made to overcome certain
limitations.

3.2.1 OLNDs Preparation and Characterization

In this first part, two types of liquid nanodroplets were prepared and characterized.
DFP was used as core PFC material, while polyvinyl-alcohol (PVA) or chitosan were
employed as polymeric coatings.
To produce the liquid formulation of OLNDs, first a mixture composed of 1.5 mL
of PFC, 1.8 mL of solution of Epikuron 200 (1%) and palmitic acid (0.3%) in
ethanol, and 0.5 mL of Polyvinylpyrrolidone (PVP) in water solution (0.5%) were
homogenized in 30 mL of deionized water at 24000 rpm through Ultra-Turrax SG215
homogenizer for 2 min. The resulting solution was then saturated with O2 for more 2
min with a constant flow rate reaching a final concentration of 35 mg L−1, followed
by the final homogenization of the mixture at 13000 rpm for 2 more minutes, during
which 1.8 mL of coating was added drop-wise [91]. The polymeric solution for the
coatings were prepared starting from commercial low molecular weight chitosan
(Sigma-Aldrich) and polyvinyl alchol 99% hydrolyzed (Sigma-Aldrich), with a
concentration of 2.7% in acetate buffer solution and deionized water, respectively.
The final structure of a liquid nanodroplet is schematized in Figure 3.2.

Fig. 3.2 Scheme of the final OLND.

The OLNDs suspensions were characterized in their size distribution using Dy-
namic Light Scattering (DLS) technique (Delsa Nano C Particle Analyzer, Beckman
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Coulter) and in terms of shape using optical microscopy. Figure 3.3A hows the
dimension distribution of chitosan-coated OLNDs measured by DLS, while Figure
3.3B displays the PVA-shelled droplets observed under an optical microscope.

Fig. 3.3 A) Size distribution obtained by DLS investigation of chitosan-coated OLNDs and
B) Optical microscope image of PVA-coated OLNDs with a magnification of 40 ×.

According to the DLS results, the average size of the PVA droplets was around
300 − 400 nm, whereas the chitosan OLNDs exhibited larger dimensions, with an
average diameter ranging from 500 − 600 nm.
It has to be mentioned that commercial sono-sensitive Zinc Oxide nanoparticles
(ZnO-NPs) were also used in this study to provide more data for acoustic response
comparisons. These particles show a porous structure and, when dispersed in solution,
interact with the US field to act as cavitation nuclei, leading to the formation of
bubbles starting from the gas present in the solution. A TEM picture of ZnO NPs
can be seen in Figure 3.4A together with their size distribution obtained by DLS
analysis (Figure 3.4B ). In order to perform the measurements on this sample, an
aqueous solution 0.02 % of ZnO NPs was prepared homogenizing with a 20 kHz US
probe at 20% of the maximum power for 2 cycles of 30 s.
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Fig. 3.4 A) DLS size distribution (black line) and B) TEM image of ZnO NPs [9].

3.2.2 Phantom Preparation

To perform the acoustic sample response analysis, the carrier solution was led to
flow into a channel within a custom-made cylindrical phantom made of materials
capable to simulate human soft tissue in its acoustic properties. Two different recipes
were tested with the same phantom geometry and dimensions, as illustrated in
Figure 3.5, but with diverse physical properties. To construct the channel, a small
plastic tube with a diameter of approximately 3.5 mm was inserted in two holes
dug on the opposite sides of the external surface of a plastic mould. For the first
phantom, a transparent silicon-based polymer (Bluesil RTV 141A/B) was utilized.
The components of the polymer were mixed together, and the resulting solution was
poured into the mold. The mold, containing the solution, was then placed in an oven
set at a temperature of 38 ◦C for a duration of 24 hours. This process facilitated the
vulcanization of the polymer, leading to its solidification and formation of the first
phantom.

Fig. 3.5 Customized cylindrical phantom with the channel inside.
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The second phantom employed a soft gel made from Gellan Gum (GG) polysac-
charide. In summary, a 1.5% weight solution of GG was heated to 70 ◦C until the
solution became clear. The solution was then poured into the plastic mold and left
to cool. Subsequently, the cooled gel was immersed in a 0.4 Molar solution of
zinc acetate. This step was performed to facilitate the crosslinking process initiated
by divalent ions, enhancing the mechanical and attenuation properties of the gel.
Additional details regarding the preparation methods and the acoustic properties of
these phantoms can be found in reference [187].

3.2.3 Experimental Setup

A customized setup was developed to excite the carriers monitor their acoustic
response. The setup, depicted in Figure 3.6, comprised a Sonic Concepts H-101
transducer for providing the acoustic excitation with a fundamental frequency of 1
MHz, fixed at the base of a ultra poor water-filled tank. The transducer was driven

Fig. 3.6 Scheme of the experimental setup employed for the carriers characterization.
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by A&R amplifier (model 800A3A) connected to a function generator (Agilent
33250A). Initially, the Peak Rarefractional Pressures (PRPs) were measured and
stored on a Labview-provided PC, using a hydrophone coupled to an oscilloscope
(InfiniiVision 2000 X DSO-X 2022A, Agilent Technologies).The range of working
acoustic pressure for the reported experiments resulted 0.2−0.8 MPa. A manual
flow controller (Cole Parmer Masterflex Peristaltic Pump) was employed to inject
the carrier suspension into the channel and, during the excitation, three different
sensors were used to monitor the acoustic cavitation:

• a Passive Cavitation Detector (PCD) for acquiring the acoustic signal;

• an ultrasonic imaging probe record the ecographic response;

• a high-speed camera to capture the optical signal.

Cavitation Activity Detection

A focused PCD (Ultrasonic Transducer PA1101, Precision Acoustics) utilized to
acquire the broadband acoustic signal generated by the forced bubble oscillations.
Specifically, the PCD was connected to a spectrum analyzer (Keysight N9320b,
Agilent) for signal acquisition in the range of 500 kHz −5 MHz. The obtained spectra
were processed by performing a Fast Fourier Transform (FFT), and through LabView
each recorded spectrum resulted from the average of five sequential measurements.
FFT spectra were characterized by the presence of peaks at specific frequencies,
generated by the forced bubbles oscillations and thus revealing the activity of stable
cavitation within the solution. Final data were then stored and plotted by Matlab
in order to highlight the presence of ultra-harmonics and harmonics with respect to
the fundamental driving frequency. Basing on the assumption that during inertial
cavitation events the produced shock waves generate a contribution in the continuous
components in the spectra between harmonics and ultra-harmonics ("white noise"),
the spectra were precessed through Matlab in order to perform the cavitation noise
spectrum analysis, obtaining a quantitative indicator of the bubble collapse. This
analysis was performed evaluating the cavitation noise power (CNP) indicator [188]
as follows. Data were manipulated by means of Matlab to pass from linear to
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logarithmic scale through the relationship:

IdB = 20log10

(
ImV

I0

)
(3.9)

in which I0 represents the minimum value recorded by the analyzer for each spectrum.
All the harmonics and ultra-harmonics components of the spectra were then filtered
in order to emphasize only the contribution of the white noise and, at the end, the
resulting data were integrated over frequency according to

CNP =
∫

IdB( f )d f ≈ ∑ IdB( f )δ f (3.10)

where IdB( f ) is the spectrum amplitude in logarithmic scale and f the frequency.
Although the obtained values were not directly associated with physical power,
they were indicative of the white noise power resulting from the activity of bubble
collapse events. Consequently, these values served as a measure of the level of
inertial cavitation activity.

Ultrasound Imaging

The ultrasonic imaging investigation was performed using an ultrasonic research
scanner (Ultrasonix SonixTouch) connected to a linear probe (SA4-/24, Ultrasonix)
operating at 10 MHz. The linear probe was placed in front of the phantom, parallel
to the channel. Initially, B-mode imaging was used to align the channel inside the
phantom to the US transducer focus to ensure that the carriers received the excitation
correctly. Real-time responses of the solutions were the collected during ultrasound
excitation, and the obtained videos were post-processed using Matlab in order to
evaluate the average intensity of the bright spots recorded within a specific region
of interest (ROI) within the channel during the excitation. This method enabled
the extrapolation of a qualitative measure of the bubbles growth and oscillation,
which could be correlated with the previously explained PCD analysis. During these
first two approaches, deionized water response was also investigate to establish a
reference and confirm the absence of cavitation activity.
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Optical Imaging

The last sensor utilized in this setup was a high-speed camera (CamRecords 5000,
Optronis), directed above the channel to provide an optical characterization of
the cavitation phenomena. To optimize the recording, localizing the light directly
onto the channel, a light source was placed on the top of the phantom and tilted
appropriately to focus the light on the analysis area. However, due to setup limitations,
the maximum recording rate achieved was of 3000 fps, although the camera’s
capabilities were up to 10000 fps. No single carrier dynamics could be appreciated
with this limited condition, but it resulted sufficient for observing the group dynamic
interaction of the bubbles with the acoustic field and to determine the different
behavior demonstrated each type of sono-carriers.

3.2.4 Improvement of the Optical Setup

This paragraph describes a new setup that was implemented to overcome the lim-
itations in recording speed of the previous optical section. An inverted optical
microscope was modified as shown in Figure 3.7 so that the illumination was pro-
vided from the bottom and the top side of the setup was freed for implementing the
US excitation. A high-intensity LED light source (MultiLED G8 power supply and
MultiLED QT white, GS Vitec) was directed towards a beam splitter placed directly
below the objective lens of the microscope to address light beam towards the sample.
The reflected part of the beam coming from the sample was sent, by means of the
same beam splitter, towards the high-speed camera placed, to this aim, at the output
of the microscope. The focused transducer was reversed respect to the previous setup,
in order to give the US excitation from the top, pointing its focus directly onto the
channel of the phantom. In order to allow the acoustic field propagation between the
transducer and the flowing suspension, a hollow plastic cone filled with ultra-pure
water was attached to the transducer and placed with the tip facing the channel
phantom. Thanks to the more intense the light source implemented, this setup was
able to reach recording speed up to 10000 fps with a better frame resolution and
visibility. Furthermore, the original microscope allowed to change magnification
during measurements thanks to the possibility to install objective lenses, thus adding
another degree of freedom in the recording properties. Three different objective
lenses were exploited, with a magnification respectively of 20 ×, 40 × and 60 ×.
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Fig. 3.7 Scheme of the setup implemented in order to improve the high-speed camera
recording parameters.

Through the frames recorded with this improved setting, some single bubbles statis-
tics could be performed for each sample by analyzing twenty videos for each sample
at a single pressure through ImageJ software. The dependence of bubbles lifetime
and streaming velocity on the applied acoustic pressure were in this way evaluated.
The PRPs were measured also for this new setup using the same instrumentation
described in Section 3.2.3.

3.3 OLNDs Functionalization with Magnetic NPs

The second part of the study concerned the magnetic functionalization of OLNDs
using Fe3O4 NPs in order to perform MDV. This section describes the materials and
the methodologies employed for aiming this scope. First, the optimal method for
MOLNDs preparation was established, followed by the physico-chemical characteri-
zation of the obtained samples, and then, the assessment of this functionalization was
performed. The samples were at this point characterized in their acoustic response,
in order to understand if the presence of the NPs on their structure led to significant



3.3 OLNDs Functionalization with Magnetic NPs 60

changes in their behavior. Finally, MDV was tested and, as last measurement, a
comparison of the oxygen released by means of acoustic and magnetic stimuli was
performed.

3.3.1 MOLNDs preparation

The functionalization of OLNDs was achieved by using Fe3O4 nanoparticles, previ-
ously synthesized by means the co-precipitation method [10]. To briefly explain, a
mixture of iron(II) chloride tetrahydrate and iron(III) chloride hexahydrate with a
molar ratio 1:2 (Fe2+/Fe3+), was dispersed in deionized water and heated up to 75 ◦C.
Ammonium hydroxide (30 %) was then added dropwise to promote precipitation
until pH reached the value of 8. The reaction was carried out for 1 h at 85 ◦C and
the resulting precipitate was finally washed with deionized water and magnetically
decanted. In Appendix A the main properties of the Fe3O4 NPs employed in this
work are reported, focusing in particular on their physicochemical (Figure A.1) and
magnetic characteristics (Figure A.2).
In order to prepare a formulation of MOLNDs, 5 mg of Fe3O4 NPs were homog-
enized in 1 mL of a saturated aqueous solution prepared with PVP and Epikuron
200 (at an equal concentration as OLNDs preparation) with a 20 kHz US probe
at 20 % of the maximum power for 2 cycles of 10 s. The resulting solution was
added to 4 mL of OLNDs suspension (prepared as explained in section 3.2.1) to
reach a final concentration of Fe3O4 NPs equal to 1 mg/mL. The mixture was then
homogenized for two more steps of 10 s in an ice-water bath to ensure binding to the
OLNDs surface. This procedure was repeated for all the OLNDs samples. The final
MOLNDs structure is illustrated in Figure 3.8.
In this section, new OLNDs formulations were prepared using DFP as before and
PFP as PFC cores, while chitosan, PVA, and dextran as polymeric coatings. Chi-
tosan and PVA solution were prepared as already explained in Section 3.2.1, and
for dextran, the polymeric solution was prepared starting from commercial dextran
(Sigma-Aldrich) with a concentration of 2.7% in deionized water. PFP has a boiling
point of 29 ◦C, which means that PFP-based OLNDs and MOLNDs are expected to
vaporize and cavitate at a lower excitation energy with compared to DFP-based ones.
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Fig. 3.8 Schematic representation of the magnetic oxygen-loaded nanodroplets (MOLNDs).

3.3.2 Physicochemical Characterization

The initial analysis conducted for this study focused on the hydrodynamic size
distribution and ζ potential of both OLNDs and MOLNDs. These properties were
determined at room temperature through the use of DLS using the Malvern - Zeta-
sizer Lab.
Then, the morphological characterization of the nanodroplets was performed by
Scanning Electron Microscopy (SEM) using the FEI Inspect – F. instrument and by
Transmission Electron Microscopy (TEM). The SEM analysis provided an initial
assessment of the functionalization of Fe3O4 NPs, though the liquid state of the
formulations presented some challenges. To address this, each sample was dried on a
silicon support prior to SEM analysis to ensure better sample control and to prevent
droplet removal during testing, which could compromise the accuracy of the results.
TEM images were acquired through a Philips CM 10 transmission electron micro-
scope (Eindhoven, The Netherlands), with an electronic beam energy of 80 kV. A
drop of the suspension was allowed to adsorb for 5 min on a Pelco® carbon and
formvar-coated grid and then washed several times with water. 0.5 % w/v uranyl
acetate in water was used to negatively stain the grid and excess fluid was removed
with filter paper.

3.3.3 Acoustic Characterization

Both OLNDs and MOLNDs were characterized in terms of their acoustic behavior
to determine the influence of Fe3O4 nanoparticles on their response. The setup
shown in Figure 3.7 was used, with the US excitation source placed at the top of the
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phantom and pointed directly at the channel in which the carriers were flowing. The
utilized PCD sensor was characterized by a focus distant 7 cm from its surface, and
given that the phantom radius was approximately 2 cm, it was inserted in another
ring-shaped phantom of the same material with a thickness of about 5 cm. This
was done to ensure a total distance of approximately 7 cm between the channel
center and PCD. The sensor was positioned adjacent and in contact to this external
phantom to accurately collect the acoustic signal. In contrast to the setup used in
subsection 3.2.3, where the measurements were performed in water, ultrasound gel
was spread on the contact surface between the sensor and the phantom in this case
to ensure the transmission of the acoustic field. Prior to measuring OLNDs and
MOLNDs samples, PRP values were measured and stored, resulting in a working
range of 0.08 − 1.74 MPa. The solution was then injected into the channel using a
flow controller (uniPERISTALTICPUMP 1, LLG LABWARE), and the broadband
acoustic signal was acquired in the range of 0.5 − 5 MHz. Each spectrum was
obtained by averaging three acquisitions, and stable and inertial cavitation events
were analyzed for all the samples, as discussed in Section 3.2.3.

3.3.4 Functionalization Assessment

To confirm the functionalization with Fe3O4 NPs, an analysis on MOLNDs streaming
trajectory was conducted under the influence of a magnetic field gradient generated
by a nearby permanent magnet. In particular, two different setups were employed to
this aim, as displayed in Figure 3.9.
Two different methods were employed to analyze the behavior MOLNDs The first
method (see Figure 3.9A) involved the use of an ultrasonic research scanner (Ultra-
sonix SonixTouch) connected to a linear probe (SA4-/21, Ultrasonix) in the presence
or absence of a NdFeB magnet with dimensions 12×6 mm.
A transducer (Sonic Concept SU 103) operating at a frequency of 3.3 MHz was
focused on the center of a parallelepipedal sample holder containing the suspension.
The sample was exposed to ultrasound, and the behavior of MOLNDs was recorded
after turning off the excitation. The captured frames were post-processed using the
tracking plug-in of ImageJ software [189], and Matlab was used to extrapolate the
droplets streaming velocity. Each average value was obtained based on 30 measure-
ments.
Figure 3.9B illustrates the second setup, which involved a microfluidic pump (Flow
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Fig. 3.9 Schematic representation of A) the setup used to record the droplet behavior by
means of ecographic imaging probe and B) of the microfluidic chip employed to evaluate the
steering angle and the velocity variation due to the magnet influence .

EZ, Fluigent) to generate a constant flow of the sample into a single micro-channel
chip (Be-Flow, BEOnChip) and an optical microscope (IX73, Olympus) connected
to an external camera to record the transit of MOLNDs. Both the steering angle and
the streaming velocity of the droplets were evaluated in five different conditions for
each sample, including the absence of the magnet and placing it (a NdFeB magnet
with dimensions 5×2 mm) in four different positions in relation to the sample flow.
The tracking plug-in of ImageJ software was employed to analyze the measurements.
Table 3.2 displays the characterization of the residual magnetization B evaluated at
different distances, resulted the same for both magnets employed in the two different
setups.

Table 3.2 Residual magnetization (B) of the NdFeB magnet as function of the distance.

Distance (mm) 0 2 6

Remanence (kG) 2.56 0.56 0.126
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3.3.5 Magnetic Droplet Vaporization

Fig. 3.10 Typical temperature trend over time measured by the fiber optic probe during the
excitation of MOLNDs through an uniform AC magnetic field.

The experiment to induce magnetic droplet vaporization in MOLNDs involved a
custom-built setup (see Figure 3.11B) that generated a uniform alternating current
(AC) magnetic field with a frequency of 100 kHz and an amplitude selectable up
to 72 kA m-1. A volume of 1 mL of the suspension was placed in a tube on a
thermally isolated support to prevent heat losses. The sample was exposed to the
magnetic field, and the temperature was monitored using a fiber optic thermometer
(Osensa Innovation). The experiment was performed at specific temperatures based
on the boiling points of PFCs - 25 ◦C, 27 ◦C, 29 ◦C, 37 ◦C for PFP-core MOLNDs
and 37 ◦C, 45 ◦C, 48 ◦C, 51 ◦C in case of DFP based ones. After exposure to the
magnetic field, the sample was immediately observed under an optical microscope
(ARISTOMET, Leitz) to check for the presence of vaporized bubbles, which con-
firmed the occurrence of MDV. Figure 3.10 displays a typical increase in temperature
over time recorded by the fiber optic probe during the uniform AC magnetic field
excitation of the MOLNDs suspension.

3.3.6 Oxygen Release

As final measurement, the evaluation of the oxygen release induced by both acoustic
and magnetic stimuli was compared. In the first case, OLNDs oxygen release was
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Fig. 3.11 A) Illustration of the setup used to conduct oxygen release experiments on OLNDs
samples during US exposure. B) Visual depiction of the experimental system to evaluate
oxygen discharge induced by the alternating magnetic field stimulus.

measured by a digital oximeter (Hach.) HACH HQ 40D connected with a LDO
101 digital, luminescent/optical dissolved oxygen (LDO) probe. A small bath was
hermetically closed putting an US transducer, characterized by a working frequency
f0 = 1 MHz, at the base and the probe laterally inserted into the bath as shown
in Figure 3.11A. 5 mL of OLNDs suspension was dipped into the bath collecting
the oxygen level to be used as reference. Before measuring the oxygen levels, the
hydrophone described in Section 3.2.3 was utilized to measure the PRP, which was
found to be 0.13 MPa. The sample was then exposed to US excitation for 270 s and
the oxygen concentration value was measured and stored every 30 s.
Similarly, the oxygen release induced by MDV in MOLNDs was evaluated using the
same oximeter as in the OLNDs experiments, integrated into the customized setup
described in Section 3.3.5 and shown in Figure 3.11B. The oxygen concentration of
each sample was measured before and after the MDV process, with the sample holder
kept hermetically sealed. The magnetic field was turned off once the temperatures
previously mentioned were reached (from 25 ◦C to 37 ◦C for PFP-core and from
37 ◦C to 51 ◦C for DFP-core). The oxygen concentration value was collected for
270 s in this case as well.



Chapter 4

Results and Discussion

This chapter provides a detailed description of the results obtained in this project. In
the first part of this chapter, a comprehensive description of the outcomes obtained to
characterize acoustic, ecographic and optical signals emitted by sonosensitive carriers
- OLNDs and ZnO NPs - during cavitation phenomena through two customized setups
is presented.
In the second section, an optimized method for the preparation of magnetic OLNDs is
presented. After a characterization of the physico-chemical properties of MOLNDs,
their magnetic functionalization is demonstrated, and, finally, a comparison is drawn
between the oxygen release capability resulting from the exploitation of an alternating
magnetic field and standard US-based stimuli methods.

4.1 Multiple Approaches for Ultrasonic Cavitation Mon-
itoring

The first part of the thesis aims to detail the results obtained by a comprehensive
characterization of the response of chitosan- and PVA- coated OLNDs and ZnO
NPs to ultrasound excitation. The experimental setups described in Sections 3.2.3
and 3.2.4 were utilized to analyze the acoustic behavior of the solution with the
carriers as it flowed into the channel within the customized phantom and to capture
the acoustic, ecographic and optical signal emitted.
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Fig. 4.1 FFT spectra of chitosan-, PVA- coated OLNDs and ZnO NPs compared with respect
to pure water (black line) at different acoustic pressures: A) 0.29 MPa, B) 0.36 MPa, C)0.40
MPa, D) 0.53 MPa, E) 0.74 MPa, F) 0.79 MPa.
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4.1.1 First Setup

Through the setup described in Figure 3.6 of Section 3.2.3, three signals have been
monitored during the interaction between US excitation and carriers flowing into
the channel of the customized phantom. The PCD is used for having information
about the cavitation activity, both stable and inertial, occurring into the channel,
the ecographic probe to perform acoustic imaging and the high-speed camera for
recording real-time images of carriers inside the channel.

Cavitation Activity Detection

The PCD sensor was used to collect FFT spectra for each sample at different acoustic
pressures, as shown in the plots of Figure 4.1. Each graph in the figure displays four
acoustic spectra, one for each sample, generated at a given acoustic pressure, with
three of them (ZnO NPs and OLNDs ones) being slightly shifted in the y-direction
for better visibility and comparison respect to pure water (black spectrum).
The spectra results indicate the presence of a primary peak at the working frequency
of the US transducer ( f0 = 1.1 MHz) in all samples. Pure water only exhibits the
fundamental peak characterized by a limited amplitude compared to the other sam-
ples, which show additional peaks at specific frequencies with higher amplitude,
confirming that the presence of sonosensitive carriers in the solution enhances the
response to US. In particular, the spectra related to the carriers are distinguished
by multiple discrete frequency components located around n · f0/m, where m and
n represent integer values. These frequency components, known as harmonics and
ultra-harmonics, arise due to the non-linear characteristic of stable cavitation, which
induces forced oscillations through the interaction between vaporized bubbles and
the ultrasonic field.
Furthermore, different behaviors are observed depending on the carrier when in-
creasing the acoustic pressure. When using PVA-based OLNDs and ZnO NPs, a
detectable main peak is observed even at low acoustic pressure (Pa = 0.29 MPa),
indicating that a small amount of bubbles oscillating at the driven frequency f0 = 1.1
MHz are already present. Conversely, at that acoustic pressure Chitosan-coated OL-
NDs show an amplitude of the fundamental peak similar to that of water, suggesting
the absence of cavitation events and thus a shifted threshold for entering the stable
cavitation regime towards higher pressures (Pa = 0.36 MPa). This behavior may be
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attributed to the more rigid structure provided by chitosan to the nanodroplets shell
compared to PVA and also to the bubbles coming from ZnO NPs that are not coated
by a polymeric shell. As the acoustic pressure rises, the amplitude of the main peak
significantly increases for all samples and ultra-harmonics related to the presence
of non-linear oscillations appear for the OLNDs samples, indicating a significant
intensification of the oscillating phenomena regardless of the carrier used, while NPs
show a sharp intensification of the amplitude of the fundamental peak only.
After analyzing the filtered broadband spectra, CNP parameter was evaluated for
all samples at the same acoustic pressures proposed in the FFT spectra analysis.
Figure 4.2 presents the numerical results of the CNP parameter of the four solutions
as a function of increasing acoustic pressure. The CNP of pure water (represented
by black bars) remains unchanged, independent of the induced pressure, indicating
the absence of inertial cavitation events in the solution. In contrast, sonocarriers
exhibit a significant increase in the parameter as the acoustic pressure rises to higher
values. Specifically, PVA-coated OLNDs begin experiencing the inertial cavitation
regime at Pa = 0.53 MPa, ZnO NPs at Pa = 0.74 MPa, and chitosan-shelled droplets
at Pa = 0.79 MPa, confirming the same order of activation observed for stable cavi-
tation. The more rigid shell structure of chitosan-OLNDs allows them to remain in
the stable regime for a wider range of acoustic pressures.
The analysis of the FFT spectra enables the determination of the upper pressure
limits required to prevent the activation of inertial cavitation phenomena for the
different carrier exploited, thereby avoiding any undesirable side effects induced by
violent bubble collapse.

Ultrasound Imaging

Some frames of the videos captured using the ultrasonic imaging probe are depicted
in Figure 4.3. For each sample, two different acoustic pressures are presented - 0.39
MPa and 0.79 MPa -, and four consecutive frames are selected for each pressure,
covering the time span of t = 0 s to t = 3 s. The channel, which has a width of
approximately dchannel = 2.5 mm, contains the solution with the sample and, bubbles
forming and oscillating under the the acoustic field excitation are easily visible. This
allows for a qualitative assessment of the cavitation activity occurring within the
channel.
In the case of water, there is no significant difference in the formation of bubbles
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Fig. 4.2 Comparison of the cavitation noise power (CNP) among pure water, ZnO NPs,
chito-coated OLNDs, and PVA-coated OLNDs at varying acoustic pressures. The black
dashed line in the graph represents a qualitative threshold for determining the occurrence of
the inertial cavitation regime.

in the channel between the low and high acoustic pressure, indicating the absence
of cavitation activity even at higher pressures and confirming the results obtained
through PCD analysis. However, for the three carrier cases, only a few bubbles are
visible inside the channel at Pa = 0.39 MPa as excitation time progresses, while a
large number of vaporized droplets can be appreciated after just 1 second of US
irradiation at Pa = 0.79 MPa.
In order to get quantitative information from the frames captured by ecographic
imaging, the average intensity during US irradiation within a ROI selected inside the
channel is evaluated. The ROI is represented by a yellow box in the frames of Figure
4.3 and is defined to consider the US field focus point. The measurement is taken for
4.5 s after the starting of the US excitation, and the mean values for each sample at
the each acoustic pressure are reported in Figure 4.4.
The results of the measurement show that pure water samples do not exhibit a signif-
icant increase in light spot intensity as the acoustic pressure increases because no
bubbles are formed inside the channel. Furthermore, each result related to a sample
with carriers is in agreement with the ones observed quantitatively from PCD method
for stable cavitation measurement. In particular, PVA-OLNDs demonstrate a strong
amount of bubbles oscillating at Pa = 0.29 MPa, being the intensity level significantly
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Fig. 4.3 Four consecutive frames of the videos recorded by the US ecographic probe at two
different acoustic pressures for pure water, ZnO NPs, chitosan- and PVA-coated OLNDs.
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Fig. 4.4 Comparison of the intensity averaged on 4.5 s of the light spots measured into the
ROI (yellow box in Figure4.3) for each solution at different acoustic pressures.

high, then is kept nearly constant up to Pa = 0.53 MPa, and finally, it starts to rise
slightly. Chitosan-coated carriers, on the other hand, enter the bubble formation
and stable cavitation regime at a more intense pressure condition (Pa = 0.36 MPa),
showing s light intensity value close to zero at Pa = 0.29 MPa. ZnO NPs have a
more linear increase of the average intensity with the rise of the pressure, reaching
a significant level only as the pressure reaches a value equal to Pa = 0.53 MPa, but
with a overall lower intensity respect to the OLNDs.
The observed difference in intensity levels between chitosan-coated droplets and
PVA-OLNDs and ZnO NPs suggests that chitosan more rigid shell structure results
in a lower population undergoing the inertial cavitation mechanism, leading to the
formation of more trapped bubbles in the acoustic antinodes and a more intense
signal on the imaging probe. In contrast, PVA-based samples and ZnO NPs disappear
suddenly once the bubble transition is completed. This behavior is further confirmed
by the presence of more intense light spots observed in the recorded frames of
PVA-OLNDs and ZnO NPs, which are usually associated to the presence of air in
the solution, indicating that the inertial cavitation activity starts at lower pressures
for these two samples.
Figure 4.5 illustrates the trend of instant light intensity in the ROI for the four sam-
ples over time at two limit acoustic pressures. As anticipated, at Pa = 0.39 MPa,
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Fig. 4.5 Comparison of the instantaneous intensity of the light spots measured into the ROI
(yellow box in Figure 4.3) for each solution at Pa = 0.39 MPa (dashed lines) and Pa = 0.79
MPa (continuous lines).

each sample has a lower intensity level than at Pa = 0.79 MPa, except for pure water,
which shows exactly the same values for both cases since no bubbles are forming.
Additionally, for lower pressure cases, the intensity trends are flatter, with no sig-
nificant variations over time, whereas for the higher pressure ones, trends exhibit a
slightly increasing evolution over time with visible instantaneous fluctuations of the
value. This behavior indicates that cavitation overall activity intensifies over time,
but instantaneously new bubbles form and start oscillating while others collapse
and disappear. This observation is confirmed also by the uncertainty bars reported
in Figure 4.4, which indicate that as pressure increases, uncertainties also become
slightly higher.
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Optical Imaging

Figures 4.6, 4.7, and 4.8 show high-speed frames of ZnO NPs, chitosan-coated
OLNDs, and PVA-coated OLNDs, respectively, flowing inside the channel under
an acoustic pressure of Pa = 0.74 MPa. The recording time for the videos started
after 5 seconds of US exposure to better appreciate the droplet dynamics. The videos
reveal the oscillation of bubbles, and upon closer examination, it is observed that the
response velocity of the bubbles depends on their size, with larger bubbles exhibiting
slower responses to the acoustic field. Additionally, observing the group dynamics of
the carriers, different behavior is demonstrated analyzing each sample. In particular,
in the case of the ZnO NPs, a smaller population of bubbles characterized by larger
dimensions can be noted. In fact, these larger bubbles derive from the merging
of smaller ones previously present in the solution. The lack of a shell to enforce
stability may make bubbles generated from ZnO NPs more prone to merge as they
approach each other in a multibubble-system, undergoing the coalescence process
before collapsing, as described in Section 2.1.6.

Conversely, OLNDs tend to agglomerate towards fixed positions along the acous-
tic field lines, at which they start increasing their dimensions. Before achieving the
final collapse, single bubbles undergo rectified diffusion while oscillating growing
up to their resonance sizes. At this point, adjacent bubbles merge due to coalescence
mechanism, resulting in larger final bubbles. Specifically, chitosan-coated bubbles
agglomerate in long lines, while PVA-coated ones form bigger clusters around which
oscillate.
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Fig. 4.6 Frames recorded with the high-speed camera with a frame rate of 3000 fps at
different time of ZnO NPs at acoustic pressure Pa = 0.74 MPa.
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Fig. 4.7 Frames recorded with the high-speed camera with a frame rate of 3000 fps at
different time of chitosan-coated OLNDs at acoustic pressure Pa = 0.74 MPa.
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Fig. 4.8 Frames recorded with the high-speed camera with a frame rate of 3000 fps at
different time of pva-coated OLNDs at acoustic pressure Pa = 0.74 MPa.
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4.1.2 Improvement of the Optical Setup

Fig. 4.9 High-speed camera frames of A) ZnO NPs with a 20× objective lens, B) PVA-coated
OLNDs with a 40× objective lens and C) chitosan-coated OLNDs with a 60× objective lens.

The optical imaging results described above only provide qualitative information
about the behavior of the groups of bubbles already formed in the solution. This
limitation is primarily due to the maximum frame rate of the setup conditions (3000
fps), but also to the fixed objective of the camera that limits the image magnification.
To improve this analysis thus, a second setup has been proposed (Figure 3.7), able to
achieve recording speeds up to 10000 fps and to exploit three different objectives.
Figure 4.9 shows a picture obtained from each objective, thus with a different
magnification. Upon initial observation of the recorded videos, it become apparent
that the measurement can provide diverse information depending on the plane on
which the lens focus inside the channel, as bubbles can be observed in different
conditions. Specifically, when the lens are focused on the center of the channel, the
motion of bubbles interacting with the acoustic field becomes more apparent. Four
sequential frames for each carrier are shown in Figure 4.10, depicting the trajectory
of bubbles under an acoustic pressure of Pa = 0.67 MPa recorded at a speed of
5000 fps and with a magnification of 40 ×. From the frame sequences it can be
noticed how bubbles tend to stream towards clusters placed on the acoustic field
lines at which they start oscillating. From this analysis statistical information about
the bubbles streaming velocity can be extrapolated at different acoustic pressures
ranging from 0.37 MPa to 0.78 MPa. Results are plotted in Figure 4.11.
As expected, the streaming velocity is found to be strictly dependent on the acoustic
pressure used, increasing as the pressure rises, regardless of the type of carrier being
analyzed. As already qualitatively observed in the optical imaging discussion of
Section 4.1, their responsiveness is also affected by the dimensions and mass of
the bubbles. ZnO NPs generate lighter bubbles compared to OLNDs, which have
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Fig. 4.10 Frames captured by the high-speed camera with a 40 × objective lens at a recording
speed of 5000 fps of the samples. Circles in the frames highlight the trajectory traveled by a
single bubbles under US field.

a more complex structure consisting of different components. Therefore, OLNDs
show an overall slightly lower streaming velocity compared to ZnO NPs, regardless
of the working pressure. Furthermore, when comparing samples with different shells,
chitosan-coated OLNDs have higher velocities, especially for low acoustic pressures.
This is probably because, under the same conditions, they tend to maintain smaller
dimensions due to their more rigid shell, which is less prone to expand compared
to PVA-shelled bubbles. The uncertainties associated with the results plotted in
Figure 4.11 demonstrate a high variance of the measured velocities, confirming the
dependence of bubble response to ultrasound on their size. As shown in the size
distribution in Figure 3.3, OLNDs dimensions can vary by more than 100 nm from
their mean value. This significant heterogeneity, resulting from the homogenization
method used for droplet synthesis, generates a similar level of variance in the bubbles
generated from droplets.
Moving the focus of the objective lens deeper towards the surface of the channel,
fixed carriers can be observed, providing the opportunity to appreciate their formation,
growth and final collapse. In Figure 4.12, four frames for each sample extrapolated
from videos recorded at a frame rate of 10000 fps during US excitation are shown.
For each case, it can be noticed the complete life cycle of a single bubble, starting
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Fig. 4.11 Average streaming velocities evaluated for each carrier from the videos recorded
by the high-speed camera at different acoustic pressures.

from t = 0 s when no bubbles are present in the circles, passing from the two
intermediate times (second and third frames) at which one single bubble is present
inside the same circles, up to its collapse (fourth frame), at which bubbles are no
longer visible. Similar to the streaming velocity analysis, a statistical evaluation of
the carriers average lifetime at different acoustic pressures is performed in this case
as well. The results of this analysis are shown in Figure 4.13, in which the average
lifetime of the carriers is plotted. From the obtained results, it can be inferred that
the bubble’s lifetime is also highly dependent on the acoustic pressure, but unlike the
streaming velocity, it exhibits an inverse proportional relationship. As the acoustic
pressure increases, the bubble’s lifetime decreases. Specifically, the lifetime is
approximately halved when the pressure is increased from 0.37 MPa to 0.78 MPa.
These findings provide valuable insights into the dynamics of acoustic cavitation and
can inform the design and optimization of cavitation-based processes.
Building on these findings, further insights can be gained through the improved

experimental setup. Figure 4.14 and Figure 4.15 showcase frames capturing the
coalescence process of OLNDs at enhanced magnification (up to 60 ×) and frame
rate (up to 10000 fps). In particular, Figure 4.14 illustrates a sequence of consecutive
frames, recorded at 5000 fps and with 40 × objective lens, showing PVA-coated
OLNDs approaching and merging, resulting in two distinct coalescence events. The
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Fig. 4.12 Frames captured by the high-speed camera with a 20 × objective lens at a recording
speed of 10000 fps of the samples under an acoustic pressure of 0.47 MPa. For each sample,
the life cycle of a single bubble (highlighted by the colored circles) is shown starting from
its formation in the first frame and ending with its disappearance in the fourth frame.

first coalescence event is observed at t = 0.2 ms, during which the largest bubble
in the black circle seems to disappear, only to reappear with larger dimensions at
t = 0.6 ms. The second coalescence event takes place shortly after, at t = 1.2 ms,
where the newly formed bubble vanishes together with one of its nearest ones, and a
larger bubble appears at t = 1.6 ms.
Figure 4.15 presents similar frames for chitosan-coated OLNDs with two distinct
blocks of six consecutive frames each. In this case, recording speed was increased to
10000 fps and 60 × magnification was exploited. The first block shows two main
bubbles that tend to get closer as time goes on, while the second block, that record
exactly th same situation after 164.7 ms, captures their merging, that can be visible
between times 165.4 s and 165.5 s.
However, it can be noticed that both the recording speeds exploited are not enough
for capturing the clear steps of the process. In both cases, in fact, coalescence occurs
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Fig. 4.13 Average lifetimes evaluated for each carrier from the videos recorded by the
high-speed camera at different acoustic pressures.

between two consecutive frames, meaning that actually this kind of analysis requires
further higher recording speeds to clearly investigate the phenomenon.
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Fig. 4.14 Frames captured by the high-speed camera with a 40 × objective lens at a recording
speed of 10000 fps of PVA-coated OLNDs under an acoustic pressure of 0.57 MPa. Attention
is drawn to a group of adjacent bubbles that undergo the coalescence process, which is
highlighted using black dashed circles.
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Fig. 4.15 Frames captured by the high-speed camera with a 60 × objective lens at a recording
speed of 5000 fps of chitosan-shelled OLNDs under an acoustic pressure of 0.47 MPa. A)
Consecutive frames showing the approaching of two close bubbles; B) consecutive frames of
the same bubbles after ≈ 164.7 ms undergoing the coalescence process.
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4.2 OLNDs Functionalization with Magnetic NPs

The focus of this second section is the investigation of magnetically functionalized
nanodroplets (MOLNDs) using Fe3O4 nanoparticles. Firstly, the dimensions, shape,
and ζ potential of the MOLNDs are examined to understand the changes in physic-
ochemical properties induced by the presence of nanoparticles. Subsequently, the
samples’ response to the acoustic field is analyzed to obtain information about both
stable and inertial cavitation activities, and the influence that NPs can have on these
activities. Following these initial characterization steps, the magnetic functionaliza-
tion is verified through various approaches. Finally, the oxygen release induced by
MDV is evaluated and compared with that induced by the acoustic field, providing
evidence that the observed increase in oxygen concentration is due to MDV phe-
nomena. Before this evaluation, vaporization induced by an alternating magnetic
field is also assessed to confirm the source of the oxygen increment measured in the
solution.

4.2.1 Physico-chemical Characterization

Six different samples of OLNDs were synthesized through the homogenization
method, utilizing two perfluorocarbons - DFP and PFP - as the core, and three
different polymers - chitosan, dextran, and PVA - as the shell. Subsequently, Fe3O4

NPs with an average diameter of approximately 10 nm were used to magnetically
functionalize the surface of each sample, obtaining thus six MOLNDs samples.
Appendix A contains supplementary information regarding the Fe3O4 NPs and their
properties.
The initial step in the analysis of magnetic nanodroplets (MOLNDs) was their
physico-chemical characterization using SEM and TEM microscopy. Representative
SEM images of OLNDs and MOLNDs are shown in Figure 4.16A and 4.16B,
respectively, where the cases of DFP-core nanodroplets coated with chitosan are
depicted. The OLNDs image shows quasi-circular halos with a diameter of a few
hundred nanometers, indicating the presence of liquid droplets on the silicon support
that have evaporated before the microscopy procedure. In contrast, the MOLNDs
image shows a cluster of Fe3O4 NPs in close proximity to these droplet halos,
indicating functionalization of the surface. The size of the MOLNDs sample is
around 350 nm.
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Fig. 4.16 SEM images of A) chitosan-coated OLNDs and B) MOLNDs.

Figure 4.17 shows two TEM pictures of DFP-based MOLNDs coated with chi-
tosan. The presence of Fe3O4 NPs on the nanodroplet surface can be distinctly
appreciated, validating the results gathered through the SEM imaging and corroborat-
ing the effectiveness of the droplets magnetic functionalization. The hydrodynamic
size distributions of the samples were analyzed using DLS, and the results are pre-
sented in Figure 4.18. Mean values of the size distributions are reported in Table 4.1.
The findings confirm that the PFC structure does not have a significant impact on
the size of OLNDs [91]. In fact, there is no substantial difference between the DFP
and PFP cases. On the other hand, the choice of coating agent plays a crucial role in
determining the droplet size, as evidenced by the larger diameter of chitosan-coated
droplets compared to both dextran- and PVA-coated ones. Furthermore, functional-
izing the droplet surface with Fe3O4 NPs results in an increase in their mean size,
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Fig. 4.17 TEM images of A) a group of DFP-based, chitosan-coated MOLNDs and B) a
single zoomed MOLND.

regardless of the core and coating used. The plotted distribution reveals the presence
of elements quite outside the expected droplet size range, with some values around
and below 100 nm and others above 1000 nm. The former can be attributed to the
presence of residuals of the synthesis reagents in the solution, and also of free Fe3O4

NPs in the case of MOLNDs. The higher values, on the other hand, are due to droplet
agglomeration and vaporized bubbles, especially in the PFP case, which has a lower
vaporization threshold. Therefore, only values ranging from 100 nm to 900 nm were
taken into account for the evaluation of the mean diameters presented in Table 4.1.

Table 4.1 displays the ζ potential values for each sample. The results demon-
strate that the type of coating agent has an impact on this value, with dextran- and
PVA-coated droplets exhibiting a negative ζ potential, and chitosan-coated droplets
providing a positive one. Moreover, surface functionalization with NPs has an impact
on the ζ potential value of the samples, with a decrease in its absolute value observed
for MOLNDs compared to their respective OLNDs. This decrease indicates that the
suspension becomes less stable.
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Fig. 4.18 Hydrodynamic diameter distribution obtained by DLS technique. In each graph
OLNDs and correspondent MOLNDs are plotted together in order to appreciated the influence
of Fe3O4 NPs on the distribution.
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Table 4.1 Mean hydrodynamic diameter and ζ potential for OLNDs and MOLNDs samples
measured by means of DLS.

Sample Diameter (nm) ± σ ζ Potential (mV) ± σ

F3O4 NPs 135 ± 35 −24.8 ± 0.5

Core Coating Magnetic

OLNDs

DFP

Chitosan
✗ 419 ± 13 39.5 ± 2.5
✓ 627 ± 22 24.7 ± 1.4

Dextran
✗ 285 ± 16 −21.7 ± 3.9
✓ 345 ± 15 −18.4 ± 0.3

PVA
✗ 310 ± 16 −34.4 ± 1.3
✓ 408 ± 23 −12.3 ± 5.5

PFP

Chitosan
✗ 407 ± 11 21.7 ± 3.9
✓ 638 ± 21 18.4 ± 0.3

Dextran
✗ 292 ± 12 −50.9 ± 1.8
✓ 563 ± 25 −25.6 ± 0.6

PVA
✗ 236 ± 12 −61.0 ± 2.7
✓ 455 ± 22 −49.3 ± 2.3

4.2.2 Acoustic Response of MOLNDs

Figures 4.19 and 4.20 display the acoustic spectra emitted by the DFP- and PFP-
samples, respectively, for both OLNDs and MOLNDs. As previously explained in
Section 4.1.1, the spectra exhibit peaks that indicate stable cavitation activity result-
ing from forced bubble oscillations in the solution. For each sample, four spectra at
increasing acoustic pressures (0.08−0.57−1.04−1.74 MPa) are presented. The
trend of the peaks in each case appears to be quite similar, showing an increasing
bubbles oscillating activity with the rise in pressure inside the solution, with no
significant variations in droplet behavior attributed to the perfluorocarbon and the
coating used. However, comparing OLNDs and relative MOLNDs spectra, the
presence of Fe3O4 NPs induces an increase in peak amplitude at the same acoustic
pressure, indicating a stronger emitted acoustic signal. This discrepancy is attributed
to the NPs presence in the solution, which boosts acoustic field scattering events,
resulting in a local increase in pressure and, as a result, in the amount of cavitation
activity.
To quantify inertial cavitation activity, spectra were processed using cavitation noise
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spectrum analysis, and the CNP parameter was evaluated.
Figures 4.21 and 4.22 depict the CNP indicator for all samples, in which the black
dashed line gives a qualitative idea of threshold for which the inertial cavitation
starts to be significant. The results show that as the acoustic pressure increases, the
CNP rises after reaching a specific threshold, which varies depending on the sample.
The pressure range before the threshold enables identification of optimal working
conditions for preventing the inertial cavitation regime.
Moreover, the type of coating used affects the cavitation behavior, as the chitosan
coating produces a more rigid structure than dextran and PVA, resulting in inertial
cavitation triggering at higher acoustic pressures for both OLNDs and MOLNDs.
Additionally, magnetic functionalization causes the threshold for the inertial cavi-
tation regime to shift towards lower pressures due to the enhancement of acoustic
wave scattering events, as already discussed for stable cavitation.
As in the FFT spectra analysis, similar results are obtained regardless of DFP- and
PFP- core samples, but with more intense signals attributed to PFP lower boiling
temperature, resulting in a higher percentage of cavitated droplets.
All these considerations are summarized in Table 4.2, in which the acoustic pressures
at which inertial cavitation starts are shown for each sample.

Table 4.2 Acoustic pressures for entering the inertial cavitation regime.

Sample Acoustic

Core Coating Fe3O4 Pressure (MPa)

DFP

Chitosan
✗ 1.74
✓ 1.10

Dextran
✗ 1.42
✓ 0.78

PVA
✗ 1.54
✓ 1.04

PFP

Chitosan
✗ 1.01
✓ 1.04

Dextran
✗ 0.78
✓ 0.67

PVA
✗ 0.92
✓ 0.67
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Fig. 4.19 FFT spectra of DFP-based OLNDs and MOLNDs at different acoustic pressures.
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Fig. 4.20 FFT spectra of PFP-based OLNDs and MOLNDs at different acoustic pressures.
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Fig. 4.21 Cavitation noise power analysis for DFP-core OLNDs and MOLNDs at different
acoustic pressures.
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Fig. 4.22 Cavitation noise power analysis for PFP-core OLNDs and MOLNDs at different
acoustic pressures.
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4.2.3 Functionalization Assessment

After characterizing the samples, a crucial step is assessing the functionalization
process as a mandatory requirement for the occurrence of MDV and, consequently,
the release of oxygen.
Streaming velocity is an important parameter to provide information about the mag-
netic response of MOLNDs under a static magnetic field, induced by a permanent
magnet placed in their proximity.The presence of the magnet generates an attractive
force towards Fe3O4 NPs bound on the nanodroplet surface, affecting the trajectory
of MOLNDs, thereby inducing streaming velocity variations and magnetic steering.
As discussed in Section 3.3.4, two different setups have been implemented for this
purpose. The first setup involves the use of an ecographic probe, while the second
uses a microfluidics channel.
Through the ecographic approach, the trajectories of US-vaporized MOLNDs were
collected in the absence or presence of a permanent magnet to evaluate their stream-
ing velocity.

Figures 4.23 and 4.24 show a series of ecographic frames for DFP- and PFP-
MOLNDs samples, both in the absence (top sequence) and presence (bottom se-
quence) of a magnet (highlighted by the yellow box). These figures allow for a
qualitative assessment by comparing the droplet trajectories under two distinct con-
ditions. In the presence of a static magnetic field, the droplets experience enhanced
streaming with a preferred direction towards the magnet, as indicated by circles.
Without the application of the field, MOLNDs exhibit random motion in all direc-
tions without demonstrating a preferential one.
Figure 4.25 reports the average velocities of MOLNDs under the two conditions
mentioned above. The application of a magnetic field leads to a significant increase in
streaming velocity, at least two times, thus confirming previous preliminary evidence
and the successful functionalization. Moreover, the results also reveal a difference
based on the coating type. In particular, in both PFC cases, the chitosan-coated
MOLNDs show a higher streaming velocity compared to the others, which could
be associated with a better functionalization rate. This behavior may be correlated
to the electrostatic attraction between chitosan-coated OLNDs and Fe3O4 NPs, as
confirmed by the ζ potential values reported in Table 4.1.
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Fig. 4.23 Frames depicting the movement of DFP-MOLNDs at three successive times
after the application of US. The top sequence shows the droplets without the presence of a
permanent magnet, while the bottom sequence regards the droplets with the magnet, indicated
by a yellow box. Circles are used to track one droplet movement over time.
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Fig. 4.24 Frames depicting the movement of DFP-MOLNDs at three successive times
after the application of US. The top sequence shows the droplets without the presence of a
permanent magnet, while the bottom sequence regards the droplets with the magnet, indicated
by a yellow box. Circles are used to track one droplet movement over time.
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Fig. 4.25 Average streaming velocities of DFP- and PFP-MOLNDs in presence and in
absence of the magnet.

Fig. 4.26 A) Mean steering angle values and B) mean streaming velocity values obtained for
DFP-MOLNDs samples through the microfluidic channel setup.
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The second approach involved controlling the flow rate Q to record MOLND
streaming inside a microfluidics channel (approximated as the average between
the measured inlet and outlet flow rates Qav =

Qin+Qout
2 = 11−8.5

2 µL−1 = 9.8 µL−1)
and compare their velocity and steering angle in five different cases (as illustrated
in Figure 3.9B). Figure 4.26A displays the steering angles obtained. The results
indicate that placing the magnet laterally to the MOLNDs flow (positions 3-4) causes
a deviation angle of approximately 15◦C from the original trajectory, while the
variation in this angle is not significant without the magnetic field or when the
magnet is positioned along the flow trajectory (positions 1-2).
However, the analysis of the streaming velocity did not yield strong results, probably
because the pump’s flow velocity force was too strong to be affected by the magnet’s
presence. The only case where a visible variation was observed is for chitosan-coated
MOLNDs, confirming the higher functionalization rate provided by the chitosan
shell compared to the other cases. All these results confirm that the droplets are now
magnetically responsive.

4.2.4 Magnetic Droplet Vaporization and Oxygen Release

In order to establish a basis for comparing the efficacy of acoustic and magnetic
fields in inducing th release of oxygen, we induced the unload of OLNDs through
an acoustic stimulus before evaluating the performance of MOLNDs in releasing
oxygen. The results obtained for OLNDs are presented in Figure 4.27.

Upon analyzing first the two different cores, it is noteworthy that DFP-based
nanodroplets (with a boiling temperature of 51 ◦C) exhibit a linear trend in the
increase of oxygen concentration in the solution, with a significant increase up to
6 mg/L. In contrast, PFP-based nanodroplets (with a lower boiling temperature of
approximately 29 ◦C) do not display a consistent rise in oxygen concentration over
time. In particular, dextran- and PVA-coated samples show an initial spike in oxygen
release upon US exposure, followed by a decrease in concentration. Only chitosan-
coated OLNDs exhibit a similar increasing trend as DFP-based nanodroplets, likely
due to the added rigidity provided by the chitosan structure to the nanocarrier.
Furthermore, observing the percentage uncertainties obtained in each measurement
and reported in Table 4.3, the less stability provided by PFP based OLNDs is still
confirmed by the fact that for PFP droplets, its values ranges from 2 % to 7 %,
while in DFP case it does not overcome 2.5 %. The graphs presented in Figure 4.28
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Fig. 4.27 Variation of the oxygen concentration measured during US irradiation in a solution
of DFP- and PFP-OLNDs over time.

illustrate the concentrations of the oxygen released from MOLNDs when specific
temperatures are reached into the solution thanks to the local heat generated by the
interaction between Fe3O4 NPs and the AC magnetic field. A notable difference can
be observed in the release of oxygen between the two core materials. Specifically,
for DFP-based nanodroplets, oxygen is not released until the temperature reaches
45 ◦C, while for PFP-based droplets, a significant increase in oxygen concentration
is observed at temperatures as low as 27 ◦C. This difference in behavior can be
attributed to the boiling points of the two PFCs, although the temperatures at which
the oxygen concentration starts to increase are slightly lower than their respective
boiling points, 51 ◦C and 29 ◦C respectively. It is worth noting that the fiber optic
probe used to measure the temperature records the average temperature in the solu-
tion, whereas the local temperature on the surfaces of the functionalized droplets
is higher, approaching the actual boiling point of the PFC and thus enabling the
vaporization process. From the perspective of biomedical applications, an important
factor to consider is the human body temperature of 37 ◦C, as highlighted in the
figure. In the case of PFP, in fact, the level of released oxygen is already high at
lower temperatures, thus losing control over the oxygen release, as it would occur
spontaneously as soon as the MOLNDs solution enters the bloodstream. On the
contrary, DFP-MOLNDs at 37 degrees show almost no release of oxygen, making
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Sample Percentage Uncertainty (%)

Core Coating u0s u30s u60s u90s u120s u150s u180s u210s u240s u270s

DFP
Chitosan 1.8 1.4 1.2 1.2 1.3 1.3 1.4 1.4 1.4 1.4
Dextran 1.4 1.2 1.2 1.1 1.1 1.0 1.0 1.0 1.0 1.1

PVA 2.4 2.3 2.3 2.2 2.1 2.0 1.9 1.9 1.8 1.8

PFP
Chitosan 3.4 3.1 3.1 3.5 3.5 3.5 3.3 3.4 3.4 3.4
Dextran 1.8 3.2 4.3 5.4 6.3 6.7 6.7 6.6 6.4 6.2

PVA 4.2 4.3 4.9 5.4 5.7 5.8 5.7 5.6 5.5 5.4
Table 4.3 % uncertainties of the measurements of the oxygen concentration in OLNDs
solution evaluated at 30 s intervals for a total of 270 s.

these platforms more suitable for their purpose.
Another interesting observation regarding the two PFCs is related to the release

profile over time. As detailed in Section 3.3.6, following exposure to the magnetic
field to reach the desired temperature, the oxygen concentration was measured for
270 seconds. Figure 4.29 depicts the release profile over time for DFP- and PFP-
MOLNDs at their boiling temperatures, along with a second-order fit to visualize the
behavior. It can be observed that in PFP-based samples (black lines), the amount of
oxygen present in the solution tends to diminish over time, as it was already fully
released at the beginning of the measurement. Conversely, DFP-MOLNDs (red lines)
exhibit an increasing oxygen concentration over time until reaching a stable plateau,
confirming the same behavior observed in the OLNDs case.
In terms of shell coating, both chitosan- and PVA-based MOLNDs show a signif-
icant amount of released oxygen compared to dextran-coated ones. However, the
chitosan-coated droplets exhibit a significant amount already liberated at 48 ◦C and
27 ◦C for DFP and PFP, respectively. This observation confirms the higher level of
functionalization provided by the chitosan coating, which was previously discussed
in the dedicated paragraph.
The percentage uncertainties for MOLNDs were evaluated and reported in Table 4.4.
Similar to the OLNDs case, it can be noticed that carriers based on PFP demonstrate
higher uncertainty compared to DFP carriers, providing further confirmation of their
lower reliability.

In order to investigate the role of MDV in oxygen release, MOLNDs samples
were subjected to AC magnetic fields to reach targeted temperatures, and subse-
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Fig. 4.28 Variation of the oxygen concentration measured after AC magnetic field excitation
in a solution of DFP- and PFP-MOLNDs at different temperatures.

quently observed under an optical microscope. Figure 4.30 displays some images
of the treated samples, clearly indicating that the MOLNDs have undergone the
process of vaporization. One picture for each sample is depicted, focusing on one
single bubble resulting after reaching the boiling temperature of the PFC employed.
Additionally, aggregates of Fe3O4 nanoparticles are visible on the surface of the
MOLNDs, as indicated by the white dashed circles depicted in each picture, confirm-
ing the functionalization that induces heating under magnetic field.
Analysis of the samples reveals that the vaporization process for PFP-MOLNDs
initiates at approximately 27 ◦C, with a few bubbles appearing in the suspension.
The number of bubbles gradually increases with temperature, reaching a maximum
at 29 ◦C, before declining due to bubble implosion events. At 37◦C, only a small
number of bubbles remain. A similar trend is observed for DFP-MOLNDs, although
the vaporization process occurs at a higher temperature range. Specifically, droplets
start to vaporize at 45 ◦C, reach a maximum quantity at 48 ◦C, and then begin to
decrease at 51 ◦C. This difference in behavior between DFP- and PFP-MOLNDs is
related to the boiling temperatures of the two perfluorocarbons and the results ob-
tained from oxygen release analysis. Notably, from this latter analysis, no substantial
difference could be detected in terms of the employed coating.
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Fig. 4.29 Oxygen concentration profile measured in the 270 s following the MOLNDs sample
heating by means of AC magnetic field up to DFP (red lines) and PFP (black lines) boiling
points. The dashed lines represent the second order fit of the measurement data.

Table 4.4 % uncertainties of the measurements of the oxygen concentration in MOLNDs
solution evaluated at each temperature considered.

Sample Percentage Uncertainty (%)

Core Coating u37◦C u45◦C u48◦C u51◦C

DFP
Chitosan 4.0 6.4 4.1 5.4
Dextran 6.3 6.0 5.4 4.2

PVA 6.2 3.8 4.3 5.2

u25◦C u27◦C u29◦C u37◦C

PFP
Chitosan 9.0 8.0 9.4 9.0
Dextran 5.3 9.4 9.2 9.6

PVA 7.2 8.6 5.7 6.9
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Fig. 4.30 Optical images of DFP- and PFP-MOLNDs after been subjected to an AC magnetic
field, demonstrating the occurred MDV.



Chapter 5

Conclusions and Outlooks

This project aimed to develop and study sono-sensitive nanosystems able to re-
lease oxygen by means of an external stimulus. To this purpose, different types of
perfluorocarbon-based phase-shift OLNDs have been synthesized. The mechanism
behind the oxygen release is due to their interaction with US. When excited by an
acoustic field, OLNDs undergo first acoustic droplet vaporization (ADV) passing
from liquid nanodroplets to gaseous microbubbles, and then cavitation, oscillating
close to their resonance dimension (stable cavitation) and finally collapsing (iner-
tial cavitation). The controlled oxygen release happens during the oscillation step,
while inertial cavitation leads to a violent collapse characterized by an uncontrolled
temperature and pressure increases, dangerous for the surrounding environment.
OLNDs have shown different interesting properties, from biocompatibility, inertness
and stability, up to cheapness, synthesis simplicity and high release performances.
Cavitation is a complex and tricky mechanism and its dynamics still represent a
challenging debated field. From this, the necessity to give a contribution to the
characterization of the phenomena behind the oxygen release induced by acoustic
cavitation.
This work has been divided into two main sections, the first part more focused on
the characterization of the signals emitted during the interaction between US and
sono-sensitive carriers, while the second aimed to broaden the potential of OLNDs
to be sensitive also to other external stimuli, such as the magnetic field.
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In the first part of this work, three different sonocarriers have been used, two
different DFP-based OLNDs, using PVA or chitosan as polymeric shell, and ZnO
nanoparticles. The final goal was to build up a customized setup capable to monitor
the response of the carriers to US stimuli through different sensors. Specifically, a
PCD sensor, an ecographic probe and a high-speed camera where implemented in
order to capture the acoustic, ecographic and optical signals, respectively, emitted by
the carriers while flowing inside a channel drawn into a phantom made of materials
able to mimic the acoustic properties of human soft tissues.
From the PCD analysis, information about stable cavitation can be extracted looking
at the peaks present into the FFT spectra acquired. Samples ware excited at different
acoustic pressures and the results were compared with the spectra obtained from
pure water excitation, used as reference sample. Water demonstrated only the pres-
ence of a moderate main peak at the driven frequency of the US transducer also for
high acoustic pressures, meaning that no bubbles are forming and oscillating into
the solution. On the contrary, spectra captured during carriers excitation showed a
fundamental peak whose amplitude noticeably increases with the rise of the acoustic
pressure, and also the appearance of ultra-harmonics, related to non-linear oscillation
phenomena. This confirmed the enhancement of stable cavitation events in presence
of sonosensitive carriers into the solution.
Looking at the broadband noise, information about inertial cavitation could be ob-
tained. Specifically, integrating the spectra above the entire frequency range acquired,
without considering the contribution of the peaks, allowed to evaluate the CNP pa-
rameter, a numerical indicator of the amount of collapsing bubbles. The noise, in
fact, is a consequence of the shock waves produced during the final bubble implosion.
As for the stable cavitation, the pure water analysis demonstrated quasi-zero results
for CNP at each acoustic pressure, confirming the absence also of inertial cavitation.
Conversely, as the acoustic pressure increases, carriers show a significant increase of
the parameter. From these two analysis, the working pressure range could be defined
for each carrier in order to enable stable cavitation events and to avoid to enter the
inertial regime. Chitosan-coated OLNDs demonstrated a shift of this range towards
higher pressures, compared to the other two systems. This is due to the fact that
chitosan provides a more rigid structure to the OLNDs shell respect to PVA. ZnO
NPs, behaving as cavitation nuclei, generate bubbles starting from the gas molecules
trapped in their structure, therefore they are not provided of a polymeric shell.
Ecographic imaging was used to obtain a real-time monitoring of the bubbles forma-
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tion and oscillation inside the channel at different acoustic pressures. The analysis
confirmed the absence of cavitation phenomena in case of water and a strong de-
pendence on the pressure induced in case of the other carriers. At high acoustic
pressures, indeed, an intense bubble formation was clearly visible inside the channel
for all the three samples. Evaluating the intensity variation over time of the light
spots during US excitation, inside a defined ROI within the channel, results coherent
to the ones related to FFT spectra analysis could be obtained. This allowed to quanti-
tatively characterized the same phenomenon - stable cavitation - using two different
approaches. Also some qualitative information about inertial cavitation could be
extracted by this approach. At the same pressures at which CNP analysis showed
an increment of the bubbles collapse activity, some intense light spots, typical of
the presence of air, in this case due by the bubble implosion, were detected by the
ecographic probe.
Finally, the high-speed camera frames demonstrated the possibility to understand the
bubbles group behavior related to each sample under the excitation of an acoustic
field. In particular, PVA-coated OLNDs were characterized by a more intensive
agglomeration and merging trend, compared to chitosan-based ones, due to an in-
tensification of the attractive forces which characterize the cavitation phenomena
and lead to the consequent bubbles collapse. Bubbles derived from ZnO NPs, on the
contrary, demonstrated to be more prone to undergo the coalescence process, being
their structure less stable.
The optical section of the setup demonstrated some limitations in achieving a record-
ing speed high enough to appreciate single bubbles dynamics. For this reason, a
second setup to improve the optical imaging section was proposed, gaining the
possibility to obtain higher magnifications by means of different objective lens and
to reach a recording frame rate one order of magnitude higher than the previous setup
(up to 10000 fps), thanks to exploitation of a more intense light source. Through this
enhanced setup, some statistics on the bubbles life times and streaming velocities
were evaluated as a function of the working acoustic pressure. Furthermore, thanks
to the degree of freedom gained on the image magnification, coalescence phenom-
ena between adjacent bubbles could be recorded and investigated. Although some
information has been extracted from this setup, the recording rate is not yet high
enough to appreciate dynamics on single bubbles oscillation and collapse. However,
it resulted a promising starting point to further increase the acquisition rate, trying
to couple and synchronize the bubble oscillating frequency with the light source in
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strobe modality.

The second part of this research was focused on the development of dual-stimuli
responsive OLNDs in order to overcome the limits of US field in reaching deeper
regions of the human body. To this aim, magnetic Fe3O4 NPs were bound on the
nanodroplets surface obtaining the so-called MOLNDs. These new kind of platforms
have been already studied as carriers used to perform US-based imaging during
magnetic hypothermia for cancer cells treatment, but their potential as alternative
oxygen delivery systems triggered by magnetic field was investigated. The idea is to
exploit the interaction between the nanoparticles and an AC magnetic field to induce
a local heat on the nanodroplets surface able to induce MDV for enabling the oxygen
release.
First, an process for optimizing MOLNDs preparation was proposed, using DFP and
PFP as perfluorocarbon cores, characterized by a boiling temperature of ≈ 29 ◦C and
≈ 51◦C respectively, and chitosan, dextran and PVA as polymeric shells, obtaining
in this way six different samples. The first analysis performed regarded the charac-
terization of the physico-chemical properties of the new platforms. The shape and
structure was investigated through scanning and transmission electron microscopies,
obtaining also a first assessment of the bounding of the particles on the droplets
surfaces. Also the hydrodynamic mean diameter and ζ potential were measured,
observing an increment of the carriers size and a worsening of the colloidal stability
due to the presence of the nanoparticles. ζ potential analysis, moreover, demonstrated
that chitosan-OLNDs and Fe3O4 NPs have opposite sign electrostatic potential, so
expecting a better attraction, and consequentially bonding, compared to the other
coatings. The influence of the NPs was also evaluated on the acoustic response.
Through an US transducer, OLNDs and MOLNDs were excited while flowing into a
channel and it was found that the particles behave in the solution as scattering points
for the acoustic field, leading to a further increase of the local pressure and thus to
an enhancement of the cavitation activity.
At this point, two different setups were implemented in order to assess the magnetic
functionalization, evaluating the influence of a permanent magnet inducing a static
magnetic field. The first used the ecographic probe in order to monitor the trajecto-
ries of US-activated MOLNDs in the presence and absence of the magnet. Results
showed a preferential and significantly accelerated motion when the magnet was
placed in the sample proximity. The second approach measured the variations in the
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streaming velocity and steering angles due to the presence of the static magnetic field
during the sample flow in a microfluidic channel controlled by a microfluidic pump
at constant pressure. All the results, therefore, demonstrated the magnetic response
of the carriers to a static field, meaning that carriers were actually magnetic.
To complete the study, the measurement of MOLNDs oxygen release induced by
an alternating magnetic field was conducted. Through a fiber optic probe, the tem-
perature of the solution was monitored while an AC magnetic field excited the
samples. When specific temperatures were reached, depending on the PFC boiling
point, the oxygen concentration into the solution was measured for 5 minutes. All
the results were then compared with the oxygen release profiles obtained by US-
activated OLNDs. Furthermore, in order to ensure that the release was due to MDV
mechanism, the samples were observed at an optical microscope, through which
the presence of vaporized bubbles was revealed. The comparison between acoustic
and magnetic stimuli for the oxygen release demonstrated MDV as promising thera-
peutic approach, comparable in its performances to the acoustic traditional method.
From the measurements on the two different cores, it came out how the DFP-based
MOLNDs are more suitable for biomedical applications compared to PFP-based
ones. At the human body temperature (37 ◦C), in fact, the latter would spontaneously
undergo MDV process, loosing the control on the oxygen release because of the low
boiling temperature (29 ◦C ). Thanks to the higher boiling point (51 ◦C), on the other
hand, DFP-based MOLNDs can be activated only through the interaction with an
alternating magnetic field.
Considering the coatings, it could be noticed a more efficient release profile of
chitosan-coated MOLNDs thanks to its more rigid nature compared to dextran and
PVA. Already at 45 ◦C, chitosan-shelled samples provided an increase of the oxygen
concentration in the solution. This result is in good agreement with the higher
functionalization rate performed by chitosan and previously explained.
Starting from the interesting results obtained up to now, a series of possible works are
going to be developed to further improve MOLNDs efficacy and performances. In
particular, the next step relies the exploitation of the micropump already used for the
functionalization assessment also for the sample synthesis. Designing a customized
microfluidic chip, droplets can be, in fact, prepared in a more controlled way, over-
coming the limitations in the size distribution proper of the homogenization-based
methods. In this way it is expected to optimize all the results already performed,
minimizing from a metrological point of view the measurement uncertainties and
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increasing the release control.
Moreover, the use of this kind of synthesis approach could allow to directly integrate
the magnetic nanoparticles functionalization step in one of the droplet synthesis
procedure. An idea is to incorporate them within the core solution, in order to get a
control on the amount of particles encapsulated in each droplet, avoiding their waste.
Also in-vitro study are planned to be conducted to investigate the cytotoxicity and
biocompatibility of MOLNDs and to evaluate the cells response to their contact.
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Appendix A

Fe3O4 Nanoparticles

In the biomedical research field iron oxide nanoparticles are subjected to strong
interest and intense studies as magnetic nanomaterials thanks to their promising
properties, such as chemical stability and high biocompatibility in terms of safety
and body clearance [190–192]. Their main application relies on taking advantaged
of the interaction between NPs and an AC magnetic field, resulting in the liberation
of thermal energy caused by hysteresis losses. The ability of NPs to produce heat
is usually expressed by means the specific loss power (SLP), that represents the
power dissipated per unit mass [193] and is strictly dependent on material properties,
dimensions, shape and state of aggregation [194–199].
Fe3O4 NPs used in this work have been characterized in terms of structural, morpho-
logical and dimensional properties through XRD, TEM imaging and DLS characteri-
zation. Results are shown in Figure A.1.

Fig. A.1 A) Representative TEM picture, B) size distribution (derived from statistics on TEM
images), C) and XRD pattern of Fe3O4 NPs [10].
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Figure A.1 A) depicts a representative TEM image of Fe3O4 NPs, showing a
quasi-spherical shape of the particles and a strong uniformity in their sizes, as also
demonstrated by the distribution reported in Figure A.1 B). XRD pattern is shown in
Figure A.1 C) and reveals a crystalline phase with main diffraction peaks typical of
the cubic spinel structure of magnetite.
Magnetic properties of the iron oxide NPs are shown in Figure A.2. The static
hysteresis loop of dry sample measured at room temperature can be appreciated
in Figure A.2 A), demonstrating the interacting superparamagnetic behavior of the
nanoparticles. Figure A.2 B) shows the dynamic minor hysteresis loops at different

Fig. A.2 Magnetic properties of Fe3O4 nanoparticles are shown [10]. A) M(H) curve of the
nanoparticles at room temperature in dry form, with a portion of the hysteresis loop zoomed
to highlight the coercivity. B) Dynamic minor hysteresis loops of the nanoparticles for a
magnetic field with a peak amplitude Ĥa ranging from 13 kA m-1 to 32 kA m-1 and a fixed
frequency of 69 kHz. C) Specific loss power (SLP) values for Fe3O4 NPs at different peak
amplitudes of the AC magnetic field, with a fixed frequency of 100 kHz.

peak amplitudes of the AC magnetic field with a frequency of 69 kHz. It can be
noticed how the dynamic hysteresis loop area is strictly dependent on the applied
field amplitude, stronger the field wider the area. As a consequence, the heating
efficiency results higher at 32 kA m-1. Figure A.2 C) represents SLP values of
nanoparticles at different peak amplitudes of AC magnetic field with a frequency of
100 kHz, confirming the direct proportionality between the peak amplitude and the
effective release of energy in terms of heat.


	Contents
	List of Figures
	List of Tables
	Nomenclature
	1 Introduction
	1.1 State of the Art
	1.1.1 Stimuli-responsive Drug Delivery
	1.1.2 Ultrasound Drug Delivery
	1.1.3 Phase-shift Perfluorocarbon Nanodroplets
	1.1.4 Magnetic Nanodroplets

	1.2 Motivation and Scope
	1.3 Chapter Summary

	2 Theoretical Background
	2.1 Acoustic Cavitation
	2.1.1 Bubble Nucleation
	2.1.2 Bubble and Acoustic Field
	2.1.3 Bubble Oscillator
	2.1.4 The onset of stable and inertial cavitation
	2.1.5 Growth of a bubble - Rectified diffusion
	2.1.6 The coalescence process
	2.1.7 Inertial Cavitation and its applications: sonochemestry and ROS generation

	2.2 Phase-shift Perfluorocarbon Nanodroplet Vaporization
	2.2.1 Intermolecular Forces and Equilibrium Phase Behavior
	2.2.2 Laplace pressure theory


	3 Methodology
	3.1 Uncertainty of Measurements
	3.1.1 Guide to the Expression of Uncertainty in Measurement
	3.1.2 Direct Measurements
	3.1.3 Indirect Measurements

	3.2 Multiple Approaches for Ultrasonic Cavitation Monitoring
	3.2.1 OLNDs Preparation and Characterization
	3.2.2 Phantom Preparation
	3.2.3 Experimental Setup
	3.2.4 Improvement of the Optical Setup

	3.3 OLNDs Functionalization with Magnetic NPs
	3.3.1 MOLNDs preparation
	3.3.2 Physicochemical Characterization
	3.3.3 Acoustic Characterization
	3.3.4 Functionalization Assessment
	3.3.5 Magnetic Droplet Vaporization
	3.3.6 Oxygen Release


	4 Results and Discussion
	4.1 Multiple Approaches for Ultrasonic Cavitation Monitoring
	4.1.1 First Setup
	4.1.2 Improvement of the Optical Setup

	4.2 OLNDs Functionalization with Magnetic NPs
	4.2.1 Physico-chemical Characterization
	4.2.2 Acoustic Response of MOLNDs
	4.2.3 Functionalization Assessment
	4.2.4 Magnetic Droplet Vaporization and Oxygen Release


	5 Conclusions and Outlooks
	References
	Appendix A Fe3O4 Nanoparticles

