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Abstract

Ultrasound can be used in medical fields such as drug delivery and ultrasound imaging,
as well as in chemical and industrial fields. The mechanism of the acoustic cavitation
effect has been widely discussed and is considered to play an important role in these
applications. The introduction of proper additives into the liquid medium under the
ultrasound transducer can further enhance the cavitation effect. In this study, a
composite structure with chitosan nanoparticles as the shell to stabilize the air cores has
been proposed. The structure is designed to enhance ultrasonic cavitation mainly by
introducing more cavitation nuclei utilizing the surface hydrophobicity of chitosan
chains and providing acoustic microstreaming to accelerate rectified diffusion with the
air cores. Chitosan nanoparticle-shelled composites were prepared by emulsifying a
solution containing anionic surfactants (SDS) and cationic nanoparticles like chitosan
nanoparticles. The characteristics of the composites can be controlled by manipulating
the synthesis parameters. The drug loading ability of chitosan nanoparticles has been
examined with a protein as the model drug. Furthermore, the composites’ ability to
enhance the acoustic cavitation effect was assessed by iodide dosimetry and
terephthalic acid dosimetry during ultrasonic irradiation experiments with a frequency
of 20 kHz. The composite has a recognized boosting influence on ultrasonic acoustic
cavitation, as shown by KI dosimetry, and the trend of the calculated results agrees with
the experimental data from TA dosimetry. This research has shown the promising

possibilities of combining chitosan and microbubbles.
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Chapter 1 General Introduction

Ultrasound is extensively used in medical and chemical fields due to its safety, low cost,
and ease of combination with other techniques. Over the past few decades, ultrasound
has emerged as a critical tool in medicine, used for therapeutic and diagnostic purposes.
Its non-invasive nature and the ability to deliver precise energy to targeted areas have
made it an essential modality in modern healthcare. The therapeutic use of ultrasound,
particularly in breaking kidney stones through lithotripsy, has revolutionized treatment
options, offering a non-surgical alternative that is both effective and patient-friendly.
Additionally, ultrasound's role in tumor treatment, thrombolytic therapy, and the
delivery of medicine and genetic material underscores its versatility and importance in
advancing medical treatments. Ultrasound imaging stands out as a widely respected
clinical imaging method, providing real-time quantitative information on human
anatomy and physiology. Its application spans various clinical fields, including
obstetrics, cardiology, and oncology, primarily for the diagnosis of cancer and other
disorders. The development of advanced imaging techniques, such as 3D imaging
systems, contrast agents, and the integration of artificial intelligence, has further
enhanced the diagnostic capabilities of ultrasound, making it an indispensable tool in
clinical practice. Ultrasound's role in drug delivery is another area of significant interest.
Techniques such as sonophoresis and sonoporation leverage ultrasound to enhance the
permeability of the skin and cell membranes, respectively, facilitating the delivery of
drugs into the body. This approach has shown promise in improving the efficacy of
topical and systemic drug treatments, although more research is needed to fully

understand and optimize these methods for clinical use [1-4].

In the chemical field, power ultrasound represents a promising tool for green and
sustainable chemical processing. The phenomenon of acoustic cavitation, where rapidly

collapsing bubbles in liquids create intense localized energy, accelerates chemical
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reactions and improves catalyst effectiveness. Furthermore, ultrasound has emerged as
an advanced oxidation process for water and wastewater treatment, offering a potent

method for degrading organic pollutants and enhancing biodegradability [5—7].

A deeper understanding of the mechanisms underlying ultrasound, including thermal
effects, acoustic cavitation, and other mechanical effects like acoustic streaming, is
crucial for optimizing its use in various applications. Acoustic cavitation, in particular,
is a key mechanism that facilitates chemical and physical changes in liquids, enhancing
processes such as mixing, emulsification, and nanoparticle synthesis. Despite its
numerous advantages, the use of ultrasound is not without challenges. Issues such as
non-uniform heating, potential material damage, and the complexity of scaling up

processes must be addressed to fully harness the benefits of this technology [2,4,7-9].

Ultrasonic applications may benefit from the creation and use of chitosan nanoparticles
and microbubbles, which mark a noteworthy breakthrough in materials science.
Chitosan, a biocompatible and biodegradable polymer, is used to create nanoparticles
and microbubbles for drug delivery, gene therapy, and ultrasound imaging. These
systems offer improved drug solubility, stability, and bioavailability while reducing
toxicity. The synthesis methods, advantages, and challenges associated with chitosan-
based systems are explored, highlighting their potential to enhance therapeutic efficacy

and diagnostic accuracy [10—13].

In drug delivery, chitosan nanoparticles protect drugs from degradation and facilitate
their delivery to target sites, including crossing biological barriers like the blood-brain
barrier. For gene therapy, chitosan nanoparticles enhance the transfer of genetic material
into cells, although transfection efficiency remains a challenge. Despite the
advancements, challenges remain in the development of chitosan nanoparticles and

chitosan-based microbubbles. Issues such as poor solubility of chitosan, limited drug
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loading capacity, and enhancing ultrasonic performance with chitosan-based
microbubbles need to be addressed. Future research aims to optimize synthesis methods,
improve targeting and release properties, ensure biocompatibility and safety, and assess
the effect on ultrasonic applications. The exploration of multifunctional chitosan-based
structures that can simultaneously deliver multiple drugs or combine therapeutic and
diagnostic functions represents an exciting area of research with significant potential

for innovative solutions in medicine and biotechnology [10,14—16].

1.1 Applications of ultrasound in medical and chemical field

1.1.1 In medicine

Over the past decades, ultrasound has been applied in the medical field for therapeutic
and diagnostic purposes. The benefits of ultrasound have been investigated by different
research teams around the world. The treatment of ultrasound has rapidly replaced
surgery for breaking kidney stones since the 1980s, using focused ultrasonic energy or
shock waves directly and noninvasively to the stones [2]. Consequently, the
development of therapeutic ultrasound has advanced rapidly with a great many
strategies presently being used. Furthermore, recent studies point to exciting new
clinical applications for ultrasound, including thrombolytic therapy, tumor treatment,
and the delivery of medications and genetic material [8]. A deeper comprehension of
the processes through which ultrasound interacts with tissues are necessary in both

diagnostic and therapeutic uses of ultrasound.

Ultrasound Imaging

A well-respected clinical imaging method that offers quantitative, real-time information
on human anatomy and physiology is ultrasound imaging. It is one of the most widely

used clinical imaging techniques and is increasingly being utilized to guide
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interventional clinical treatments considering its low cost of obtaining and maintaining
and lack of ionizing radiation. Because laboratory mice and human lives differ in size
and heart rate, translating clinical ultrasound practices to preclinical applications
proved to be a substantial technological challenge until 20 years ago [3]. Ultrasound
imaging is mostly used in the clinical fields of obstetrics and cardiology (heart, blood
vessels, thyroid, and abdomen), primarily for the diagnosis of cancer and other

disorders [17].

Conventional two-dimensional ultrasound imaging has been widely used because it can
dynamically display 2D images of the region of interest in real-time [18]. An ultrasound
transducer emits ultrasound waves. The transducer's frequency selection is crucial since
higher frequencies improve spatial resolution but also limit the depth at which
meaningful information can be extracted [19]. Since 2D ultrasound imaging can only
provide a limited view of anatomy, it is challenging to visualize the complete 3D
structure and understand the spatial relationships between organs and tissues. To solve
this problem and improve diagnostic efficiency, 3D imaging systems [20], techniques
like strain or shear wave imaging [21,22], contrast agents [23] and the use of artificial

intelligence are interesting topics that are being evaluated.

Ultrasound contrast agents are microbubbles that can be injected into a patient's
bloodstream to improve the quality of ultrasound images. These microbubbles can stay
in the circulation for many minutes due to the poor solubility of the gas core and shell;
in contrast, unencapsulated air bubbles of the same size would disintegrate in
milliseconds. The diameter of commercial ultrasonic contrast agent microbubbles
ranges from 1 to 5 microns [24], which is about equivalent to the size range of blood
cells. As a result, they are sufficiently tiny to enter the pulmonary circulation unharmed

[1,25].

-10-
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Therapeutic Ultrasound

Tissue heating results from the absorption of ultrasonic energy, and this has been
applied therapeutically in a variety of situations. It has been discovered more recently
that there may be advantages to the non-thermal actions that happen when ultrasound
passes into tissue. Ultrasound treatments may be roughly classified into two categories:
"low" power therapies, which include sonophoresis, gene therapy, and bone healing,
and "high" power therapies, which include lithotripsy and high-intensity focused

ultrasound [26].

Physical therapy involved with ultrasound is mostly used to treat soft tissue injuries,
speed up the healing process, reduce edema, and soften scar tissue. Among other things,
cardiovascular issues and bone injuries are also treated with it. It's still unclear how
much the patient may gain clinically from physical therapy ultrasound treatments [27].
However, when the modality is used correctly, the danger of injury, such as burns,
seems to be minimal. Hyperthermia was the focus of much work in the 1980s and 1990s,
which was the method of ultrasonically heating relatively large amounts of tissue for
the purpose of cancer treatment. This hyperthermia technique seems to work by evenly
heating a tumor to around 42°C at intervals of approximately one hour [28]. The focus
of hyperthermia cancer treatment has changed to high intensity focused ultrasound, as
the moderate-temperature hyperthermia approach has not gained traction in clinical
treatments [2]. High intensity focused ultrasound uses highly focused ultrasound beams
to create small, intense heat zones at a targeted location. It is approved for various
applications including treating uterine fibroids [29], prostate cancer [30], and aesthetic
procedures. However, it can also cause side effects like burns, pain, and bleeding [31].
Lithotripsy is a well-established, non-invasive treatment for kidney stones. Over the
past three decades, lithotripsy technology has improved significantly, but its success
rate depends on various factors. To optimize results and minimize the need for repeat

procedures, doctors carefully select patients for lithotripsy based on body size, stone

-11 -
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characteristics, and location. Researchers are actively exploring methods to improve
lithotripsy outcomes. One area of focus is cavitation, the creation and collapse of
bubbles in fluids, which is crucial for stone fragmentation. New techniques are being
developed to enhance cavitation and its effectiveness in breaking down stones [32].
Ultrasound therapy shows promise as a way to accelerate bone healing, but more
research is needed to solidify its effectiveness. Low-intensity ultrasound appears to be
beneficial, while high-intensity ultrasound can actually hinder healing. The exact
mechanism by which low-intensity ultrasound promotes healing remains unclear, but it
likely doesn't involve heat. More clinical studies are urgently required, especially for
acute fractures that might turn into non-unions and for non-unions that are already
established and need to be compared to the existing standard of treatment. The success
of this treatment depends on a delicate balance of factors including the frequency,

intensity, and timing of ultrasound application [33,34].

Drug Delivery

Ultrasound has the potential to improve the delivery of drugs into the body through the
skin (sonophoresis) and into cells (sonoporation). Sonophoresis uses ultrasound to
temporarily increase the permeability of the skin, allowing greater penetration of
topically applied drugs. The exact mechanism is unclear, but it likely involves
cavitation or streaming created by the ultrasound waves. Low frequencies (less than
100 kHz) appear to be more effective than high frequencies. While some studies have
shown promise for pain relief and inflammatory responses, more research with better
scientific rigor is needed [35—37]. Sonoporation uses ultrasound to transiently alter the
structure of cell membranes, allowing for the uptake of drugs. Many studies have
explored using ultrasound with various drugs, but most have been done in vitro and
may not translate to real-world situations [38—40]. There is growing evidence that
cavitation, either induced by ultrasound or facilitated by microbubbles introduced into

the tissue, plays a key role in enhancing drug delivery. Microbubbles can be used to

-12-
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carry drugs, or they can be used to increase the permeability of blood vessels or the

blood-brain barrier to allow for the passive transport of drugs [41].

Ultrasound is also being explored for its potential to facilitate gene therapy by
enhancing the transfer of genes into diseased tissues. Ultrasound can improve gene
transfer, especially in the presence of cavitation. There are two main types of gene
transfer vectors being studied: viral and non-viral. Non-viral vectors are easier to
prepare and microbubbles can be used to deliver genes [42—44]. Overall, ultrasound is
a promising tool for enhancing drug and gene delivery. Research in this area is ongoing,

and future applications may include non-invasive treatments for a variety of conditions.

1.1.2 In chemical

Power ultrasound is a promising tool for green and sustainable chemical processing. Its
effectiveness relies on a phenomenon called acoustic cavitation, where rapidly
collapsing bubbles in liquids create intense localized energy [6]. This energy can
significantly speed up chemical reactions, leading to higher product yields in shorter
times. Research has shown that power ultrasound can benefit various chemical
reactions, including Mannich-type reactions [45], Aza-Michael reactions [46], and
catalytic processes [47]. The benefits include faster reaction rates, reduced energy
consumption, improved catalyst effectiveness and safer processes. Sonochemical
reactors have been built and investigated in terms of controlling mechanisms, reaction
kinetics, and ideal operation parameters in order to advance the use of power ultrasound
in chemical processes. For the sonochemical reactors, there are essentially two kinds of
ultrasonic irradiation modes: direct, where the ultrasonic transducer is in direct contact
with the reaction medium, and indirect, where it is mounted to the vessel's wall or
bottom and not in direct contact with the reactants [48]. Higher power generally leads
to faster reactions, but there is an optimal limit beyond which further increases have

minimal impact. Higher frequencies enhance chemical effects but decrease physical

-13-
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effects like mixing, so finding the optimal frequency is crucial.

In addition, ultrasound has emerged as a promising advanced oxidation process for
water and wastewater decontamination in recent decades. Its effectiveness stems from
its ability to generate extreme reaction conditions during sonication, leading to the
thermal decomposition of water and the production of hydroxyl radicals. These
powerful radicals degrade various organic pollutants, including emerging
micropollutants, through direct pyrolysis and radical reactions [49,50]. Research
suggests that ultrasound can be employed at different stages of water treatment. It can
be used as a pre-treatment method to enhance biodegradability and reduce toxicity
before secondary biological treatment [51,52]. Additionally, it functions as an effective
post-treatment option for eliminating refractory compounds that persist after primary
treatment [53]. While most studies have been conducted on a laboratory scale, the
potential benefits of ultrasound are undeniable. Compared to alternative methods like
ozonation or UV photolysis, ultrasound offers several advantages. It requires minimal
maintenance and boasts greater energy efficiency. Notably, ultrasound waves, unlike
UV light, can penetrate even opaque water systems. This makes it particularly attractive
for treating wastewater with high turbidity or suspended solids, where the efficiency of
other processes might decline [54]. The reaction mechanism can be tailored by
adjusting various parameters. For instance, the addition of solid particles or gases can

enhance cavitational intensity and efficiency if pyrolysis is the dominant mechanism.

Beyond pollutant degradation, ultrasound irradiation also holds promise for disinfection.
However, achieving complete kill rates often requires high intensities, potentially
increasing the cost. Nevertheless, combining ultrasound with existing disinfection
techniques like chlorination, ozonation, or ultraviolet light has shown promise in
enhancing effectiveness against microorganisms resistant to conventional methods.

Studies suggest that low-frequency ultrasound coupled with various disinfectants,

-14-
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adsorbents, or photocatalysts can achieve excellent results [55,56]. The efficiency of
these combined treatments depends on factors like ultrasound intensity and frequency,
irradiation time, and specific water characteristics. While research on viral removal
with ultrasound is limited, the overall potential for decontamination across various

stages of water treatment is significant.

Besides, one possible approach to raising the effectiveness of enhanced oil recovery is
the use of ultrasonic oil production techniques. It has a number of benefits, including
great versatility, ease of use, affordability, and little influence on the environment [57].
By inhibiting paraffin precipitation, lowering the viscosity of crude oil, encouraging
demulsification and dehydration, eliminating clogging, and avoiding or lessening
scaling, ultrasound enhances oil output [58]. Ongoing research endeavors aimed at
refining ultrasonic irradiation parameters and creating sophisticated transducers have
considerable potential for attaining increased efficacy and wider relevance within the
field of enhanced oil recovery [59,60]. These are only a few of the ways ultrasound can
be employed in the chemical industry. Further investigation into ultrasound has great
promise for improving efficiency and expanding its use by modifying the ultrasonic

irradiation parameters.

1.2 Ultrasound mechanisms and issues

There is potential for biological impacts to be produced by ultrasonic energy. In
diagnostic applications, bioeffects can be prevented or planned for therapeutic reasons
if exposimetry and etiology are well understood. In addition to heating, ultrasound
treatment can also be used to produce effects by nonthermal mechanisms such as
mechanical stress, gas body activation, ultrasonic cavitation, and other as-yet-
unidentified nonthermal processes. The ultrasonic wave may deform when the pressure

amplitude, frequency, or propagation length increases; this might finally result in a
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discontinuity or shock in the waveform. In terms of bioeffects, increasing the pulse
length, frequency, or nonlinear acoustic distortion might strengthen some nonthermal

processes, such as radiation force, and raise heating.

There is a tendency for all bioeffect pathways to grow in likelihood and size as power
or intensity is increased. Certain devices tend to create shocked or distorted waves due
to their operation at greater amplitudes. The heat caused by ultrasound is the outcome
of biological tissue absorbing acoustic radiation [61]. When it comes to diagnostic
ultrasound, temperature rises and the possibility of bioeffects are maintained to a
minimum or eliminated by using the as low as practically possible principle, limiting
temporal average intensities, and often brief exposure times. The amplitude of the
rarefactional pressure of ultrasonic waves is crucial for the processes of ultrasonic
cavitation and gas body activation, which are intimately linked. It is possible for
ultrasound waves to enter tissues with rarefactional pressure amplitudes of several
megapascals. When appropriate cavitation nuclei are available, this high rarefactional
pressure might operate to start cavitation activity in tissue. Alternatively, it can directly
cause the pulsation of preexisting gas bodies, such as those found in the lung and gut,
or with ultrasonic contrast agents [62—64]. The chance of cavitation and gas body
activation rises with decreasing frequency. Additional potential mechanisms for the
biological effects caused by ultrasound include the direct operation of shear, tensile,
and compression stresses. In addition, radiation pressure, forces on particles, and
acoustic streaming are examples of second-order phenomena that rely on transmitted

ultrasonic energy [4].

Acoustic Cavitation

Acoustic cavitation is one of the most impactful mechanisms of ultrasound,
characterized by the formation, growth, and implosive collapse of bubbles in a liquid

medium. This process releases highly localized energy in the form of intense heat and

-16 -



Study on Chitosan Nanoparticle-Based Structures for Acoustic Cavitation Enhancement

pressure, which can induce chemical and physical changes within the medium [5]. The
implosion of cavitation bubbles generates microjets and shockwaves, which contribute
to the mixing and homogenization of substances in the liquid. The high temperatures
and pressures associated with cavitation bubbles can generate reactive species such as
hydroxyl radicals and hydrogen peroxide. These reactive species are essential in
sonochemical reactions, where they facilitate various chemical transformations,
including oxidation and degradation processes. For example, in wastewater treatment,
acoustic cavitation is utilized to break down complex organic pollutants into simpler,
less harmful compounds, enhancing the overall efficiency of the treatment process

[65,66].

In the context of material science, acoustic cavitation is employed in the synthesis of
nanoparticles. The extreme conditions within collapsing cavitation bubbles provide a
unique environment for the nucleation and growth of nanoparticles, allowing for the
production of particles with controlled size and morphology. This method is
advantageous over conventional synthesis techniques, as it often requires milder
conditions and shorter reaction times [67]. Acoustic cavitation also finds applications
in ultrasonic cleaning, where the implosion of bubbles effectively removes
contaminants from surfaces [68]. This technique is widely used in industries requiring
precision cleaning, such as electronics and medical device manufacturing. In the
biomedical field, acoustic cavitation plays a pivotal role in therapeutic ultrasound
applications, such as lithotripsy and sonoporation. These applications underscore the

versatility and efficacy of cavitation in medical treatments.

Despite the numerous advantages and diverse applications of acoustic cavitation, there
are notable limitations that can affect its effectiveness. One major limitation is the
difficulty of controlling the cavitation process. The formation, growth, and collapse of

cavitation bubbles are highly dependent on the acoustic frequency, intensity, and
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properties of the liquid medium, making it challenging to achieve consistent and
reproducible results [69]. Additionally, the intense localized energy released during
bubble collapse can cause damage to materials and surfaces, limiting its use in
processes involving delicate or sensitive components. The harsh conditions generated
by cavitation can also lead to the degradation of certain chemicals or materials, reducing
their effectiveness or lifespan. Furthermore, the scale-up of cavitation processes from
laboratory to industrial scale can be complex and cost-intensive, often requiring
specialized equipment and careful optimization to ensure efficiency and safety [7,70].
These limitations necessitate careful consideration and optimization when applying
acoustic cavitation in practical scenarios, balancing its benefits with potential

drawbacks to achieve the desired outcomes.

Thermal Effects

Ultrasound's thermal effects play a crucial role in various industrial applications,
significantly impacting heat transfer processes. When ultrasonic waves propagate
through a medium, they generate localized heating due to the absorption of acoustic
energy. This phenomenon can be leveraged to enhance convective heat transfer in
liquids, where the thermal boundary layer is reduced, promoting more efficient heat
exchange [61]. Studies have demonstrated that the application of power ultrasound can
increase the Nusselt number—a dimensionless measure of heat transfer efficiency—
substantially, depending on the ultrasonic intensity and positioning relative to the heat
source [71]. The ultrasonic waves can also disrupt fouling layers on heat exchanger
surfaces, which is a major challenge in maintaining efficient heat transfer in industrial
systems. By preventing the accumulation of fouling, ultrasonic treatment ensures the
sustained high performance of heat exchangers [72,73]. For instance, experimental
results indicate that lower acoustic frequencies achieve better antifouling effects
compared to higher frequencies. Additionally, the cavitation bubbles generated by

ultrasonic waves promote the nucleation and release of boiling bubbles, further
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enhancing heat transfer in subcooled boiling conditions [74,75].

In the realm of food processing, ultrasonic heating has emerged as a non-invasive
method to pasteurize and sterilize liquid foods. The localized heat generated by
ultrasonic waves can inactivate microorganisms without significantly affecting the
nutritional and sensory qualities of the food product [76—78]. This method offers a
significant advantage over traditional thermal treatments, which often degrade the
quality of food due to excessive heat exposure. The enhancement of heat transfer
through ultrasonic waves has potential applications in various fields, including
chemical processing, where maintaining optimal temperatures is crucial for reaction
efficiency. For instance, in catalytic reactions, ultrasound can uniformly distribute heat,
ensuring consistent reaction rates across the catalyst bed. This can lead to higher yields
and more efficient use of reactants [79]. The ability to control and manipulate heat
transfer processes with ultrasound offers a valuable tool for industries seeking to

improve energy efficiency and process reliability.

Ultrasound's thermal effects are subject to a number of restrictions that may limit its
use in certain contexts. One significant limitation is the potential for non-uniform
heating, which can lead to localized hotspots within the medium. This uneven
distribution of heat can cause thermal gradients, resulting in inconsistent processing
outcomes or damage to heat-sensitive materials [80]. Another challenge is the potential
for excessive heating, which can degrade the quality of certain products, particularly in
food processing where maintaining nutritional and sensory attributes is crucial [81].
Additionally, the efficiency of ultrasonic heating is highly dependent on the acoustic
properties of the medium, including its viscosity, density, and thermal conductivity.
These factors can influence the absorption and distribution of acoustic energy, making
it difficult to achieve uniform and controlled heating in complex or heterogeneous

systems [82]. Moreover, the generation of heat through ultrasound can lead to a rapid
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increase in temperature, which may necessitate additional cooling mechanisms to
prevent overheating and ensure process stability. This can increase the complexity and
cost of the equipment required for ultrasonic heating applications. Lastly, while
ultrasound can enhance heat transfer, it may not always be sufficient to replace
conventional heating methods entirely, particularly in large-scale industrial processes
where the heat input from ultrasound alone might be inadequate to meet the required
thermal load [6,71]. These limitations highlight the need for careful optimization and
integration of ultrasound with other thermal management strategies to achieve effective

and efficient heating outcomes.

Other Mechanical Effects

Beyond thermal effects and cavitation, ultrasound induces various other mechanical
effects. One such effect is acoustic streaming, which refers to the steady flow of the
liquid medium caused by the absorption of acoustic energy [75]. Acoustic streaming
enhances mass transfer rates, which is particularly useful in processes such as mixing,
emulsification, and extraction. For instance, ultrasound-assisted extraction leverages
acoustic streaming to improve the efficiency of extracting valuable compounds from
plant materials, significantly reducing processing times and solvent usage [83]. In the
realm of pharmaceuticals, acoustic streaming is utilized to enhance the dissolution rates
of poorly soluble drugs. By creating micro-mixing zones, ultrasound ensures a more
uniform distribution of the drug particles in the solvent, leading to faster and more
complete dissolution. This is particularly important in the formulation of oral

medications, where rapid and consistent drug release is critical for therapeutic efficacy

[84,85].

Ultrasonic waves can also cause the disintegration of cellular structures, making them
highly effective in processes like cell disruption and homogenization. This mechanical

effect is widely used in the biotechnology and pharmaceutical industries for the
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extraction of intracellular contents and the preparation of emulsions and suspensions.
The ability to control the intensity and duration of ultrasonic exposure allows for precise
manipulation of the process parameters, ensuring optimal results without compromising
the integrity of sensitive biological materials. In aerosol applications, high-intensity
acoustic fields cause particle agglomeration via hydrodynamic and orthokinetic
interactions, among other causes. In industrial gas cleaning, this procedure is
implemented to enable small particles to clump together into bigger aggregates that are
easily removed using standard filtering techniques. The practical use of acoustic
aggregation in dust removal demonstrates the adaptability of ultrasound to tackle health
and environmental issues related to airborne particulate matter [86]. Ultrasound also
enhances the degassing of liquids by facilitating the coalescence and release of
dissolved gases. This is particularly useful in industries such as metallurgy, where the
presence of dissolved gases in molten metals can lead to defects in the final product
[87,88]. By using ultrasound, manufacturers can produce higher-quality metal castings
with fewer imperfections. The rapid and efficient removal of gases also improves the

overall process efficiency and product quality.

In summary, the various mechanical effects of ultrasound offer significant advantages
across a wide range of medical and industrial fields. These effects enhance process
efficiency, reduce operational costs, and contribute to the development of sustainable
and environmentally friendly technologies. Despite its numerous advantages, the use of
ultrasound in various applications is limited by several factors [6,89]. High equipment
costs and maintenance requirements, increased energy consumption, and the
complexity of scaling up from laboratory to industrial processes are significant
challenges. Acoustic shadowing and reflection in heterogeneous media can lead to
uneven treatment, while safety concerns, such as hearing damage and potential
biological effects, necessitate stringent safety measures. Additionally, chemical

compatibility issues, regulatory and environmental constraints, and the need for precise
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control of thermal effects in temperature-sensitive applications further complicate the
use of ultrasound. These limitations require careful optimization and thorough

understanding to effectively harness the benefits of ultrasound technology.

1.3 Chitosan nanocarriers

Chitosan nanoparticles have garnered significant attention in recent years due to their
exceptional properties, including biocompatibility, biodegradability, and ease of
modification. Chitosan, a copolymer containing -(1,4)-2-acetamido-D-glucose and [3-
(1,4)-2-amino-D-glucose units, is derived from chitin through deacetylation [90]. The
molecular weight and degree of deacetylation of chitosan greatly influence its
properties, making it a versatile material for various applications. Chitosan's unique
ability to form gels, films, and nanoparticles upon protonation under acidic conditions

further enhances its applicability in biomedical fields [91].

The synthesis of chitosan nanoparticles (CNP) can be achieved through several methods,
each with its advantages and limitations. Ionic cross-linking is a widely used method
where chitosan interacts with a cross-linking agent, such as sodium tripolyphosphate,
to form nanoparticles [92]. This method avoids organic solvents and operates at room
temperature, producing uniform nanoparticles suitable for protein and gene drug
encapsulation. However, controlling particle size and achieving high drug loading can
be challenging. Covalent cross-linking involves forming covalent bonds between
chitosan and functional cross-linking agents like glutaraldehyde, producing stable
nanoparticles with specific properties but potentially introducing toxicity due to
residual cross-linking agents [93]. Precipitation methods, including desolvation and
diffusion of emulsified solvents, offer simple synthesis routes but often result in large
particles with limited applications. For instance, the desolvation method decreases

chitosan solubility using flocculants, leading to nanoparticle formation [94]. In contrast,
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the emulsified solvent diffusion method uses turbulence between water and organic
phases to precipitate chitosan, resulting in the generation of nanoparticles [95].
Although these techniques are simple, the final particles generated may be huge, and

their use may be limited.

Polymerization techniques, such as radical polymerization, allow for precise control
over nanoparticle properties by combining different monomers [96]. Radical
polymerization methods enable the creation of core-shell nanoparticles with tailored
properties, although the process can be complex and require stringent conditions. For
example, chitosan-poly(isobutyl cyanoacrylate) nanoparticles prepared via this method
exhibit a uniform spherical shape and consistent size distribution [97]. Self-assembly
of amphiphilic compounds forms nanoparticles with core-shell structures, providing a
hydrophobic core for drug encapsulation and a hydrophilic shell for stability in
biological environments [98,99]. This method excels at delivering both hydrophobic
and hydrophilic drugs but may suffer from low drug loading efficiency. Modified
amphiphilic chitosan derivatives, such as those using cholanic acid or glycol chitosan,
have shown promise in enhancing drug solubility and stability [100]. Spray-drying is
another method used to prepare chitosan nanoparticles. This technique involves
spraying a solution containing chitosan and the drug into a hot chamber, causing rapid
evaporation of the solvent and the formation of nanoparticles. Spray-drying can
produce nanoparticles in a single step and is scalable for industrial applications.
However, controlling the size and distribution of nanoparticles can be challenging

[101,102].

The applications of chitosan nanoparticles are extensive, spanning drug delivery, gene
therapy, antibacterial treatments, and beyond. As drug carriers, they enhance drug
solubility, stability, and bioavailability while reducing toxicity. Chitosan nanoparticles

can cross biological barriers, such as the blood-brain barrier, delivering drugs to target
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sites effectively [103]. For instance, they have been employed in delivering anticancer
drugs like doxorubicin [104] and paclitaxel [105], enhancing therapeutic efficacy and
reducing side effects. In gene therapy, chitosan nanoparticles protect genetic material
from degradation and facilitate cellular uptake, although transfection efficiency remains
a challenge [106]. The positive surface charge of chitosan facilitates its interaction with
negatively charged genetic materials, forming stable complexes that can be internalized
by cells. For protein drugs, chitosan nanoparticles improve bioavailability and protect
against enzymatic degradation, though controlling release kinetics can be difficult
[107,108]. Studies have shown that encapsulating proteins like insulin in chitosan
nanoparticles can protect them from degradation in the gastrointestinal tract and
enhance their absorption [109]. Recent research has focused on modifying chitosan
nanoparticles to enhance their functionality. pH-sensitive chitosan nanoparticles release
drugs in response to environmental pH changes, making them suitable for targeting
acidic tumor microenvironments. For example, chitosan nanoparticles modified with
poly(propyl acrylic acid) exhibit increased drug release in acidic conditions, enhancing
their potential for cancer therapy [110,111]. Thermosensitive chitosan nanoparticles
release drugs at specific temperatures, potentially improving the efficacy of
hyperthermia treatments. Chitosan-poly(N-isopropylacrylamide) graft copolymer
nanoparticles, for example, release drugs at temperatures above 38°C, targeting
hyperthermic tumor cells while sparing normal tissues [112,113]. Targeting
modifications, such as ligand attachment, improve the specificity of drug delivery to
particular tissues or cells, enhancing therapeutic outcomes and reducing side effects.
Ligands like folic acid can be attached to chitosan nanoparticles to enhance their
targeting ability against cancer cells [114]. In antibacterial applications, chitosan
nanoparticles exhibit strong antibacterial activity due to their positive charge, which
interacts with the negatively charged bacterial cell membranes, causing disruption and
cell death. Chitosan nanoparticles loaded with various metal ions, such as silver or

copper, have shown enhanced antibacterial properties. These nanoparticles can be used
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in wound dressings, coatings for medical devices, and as preservatives in food

packaging [115].

Despite the advancements, challenges remain in the development of chitosan
nanoparticles. Issues such as poor solubility of chitosan, limited drug loading capacity,
and potential toxicity of modified chitosan derivatives need to be addressed [116,117].
Chitosan's poor solubility in neutral and basic conditions limits its application,
necessitating chemical modifications to improve its solubility and functionality.
Moreover, while chitosan nanoparticles can encapsulate hydrophilic drugs effectively,
encapsulating hydrophobic drugs often requires additional modifications or surfactants,
which can affect biocompatibility. Future research aims to overcome these limitations,
focusing on optimizing synthesis methods, improving targeting and release properties,
and ensuring biocompatibility and safety. Developing multifunctional chitosan
nanoparticles that can simultaneously deliver multiple drugs or combine therapeutic
and diagnostic functions is an exciting area of research. Additionally, exploring the use
of chitosan nanoparticles in emerging fields such as immunotherapy, regenerative
medicine, and environmental applications holds great promise. The future of chitosan
nanoparticles lies in their ability to adapt to diverse applications, offering innovative

solutions in medicine, biotechnology, and beyond.

1.4 Microbubbles & Chitosan nanoparticle-shelled composites

Microbubbles, defined as gas-filled bubbles with diameters in the micron range, have
garnered significant attention due to their unique properties and extensive applications
in biomedical fields [118]. Comprising a gas core surrounded by a stabilizing shell
made of lipids, proteins, polymers, or surfactants, microbubbles enhance ultrasound
contrast and act as a vehicle for drug delivery [16]. Their synthesis can be achieved

through various methods, each with specific advantages and limitations. Sonication

-25-



Study on Chitosan Nanoparticle-Based Structures for Acoustic Cavitation Enhancement

involves using ultrasound waves to create microbubbles from a liquid medium. This
technique is simple and efficient but may result in a wide size distribution [119,120].
Mechanical agitation uses mechanical forces such as shaking or stirring to produce
microbubbles, commonly applied for large-scale production but potentially yielding
heterogeneous size distributions [121,122]. Electrolysis, wherein an electric current
generates gas bubbles in a liquid, is another method but is less commonly used in
biomedical applications due to difficulty in controlling bubble size [123]. Additionally,
microfluidic techniques allow precise control over bubble size and uniformity, albeit

with limitations in scalability [124,125].

Microbubbles can be classified based on their shell materials, including lipid, protein,
and polymeric microbubbles. Lipid microbubbles, formed from phospholipids, are
biocompatible and offer flexible and thin shells, but they are prone to gas diffusion and
collapse [126]. Protein microbubbles, typically using albumin, provide stability but
may have immunogenicity concerns [127,128]. Polymeric microbubbles, using
materials such as poly(lactic-co-glycolic acid) (PLGA), offer greater stability and

tunable properties but normally involve more complex synthesis processes [129,130].

Ultrasound-involved applications of microbubbles are primarily in diagnostic imaging
and therapeutic delivery. In ultrasound imaging, microbubbles serve as contrast agents,
significantly enhancing the quality of the images by reflecting sound waves. They
improve the visualization of blood flow and tissue perfusion, aiding in the diagnosis of
various cardiovascular and oncological conditions [131,132]. In therapeutic
applications, microbubbles can be used for drug delivery, where their shells encapsulate
therapeutic agents. Upon ultrasound exposure, the microbubbles can be targeted to
specific tissues, and the ultrasound waves can induce cavitation, releasing the drug
precisely at the target site. This targeted delivery enhances drug efficacy and reduces

systemic side effects [133,134]. Microbubbles are also used in gene therapy, where they
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facilitate the delivery of genetic material into cells [135,136]. The positive charge of
certain microbubble shells interacts with the negatively charged cell membranes and
genetic material, promoting cellular uptake and protecting the genetic payload from
degradation. Additionally, microbubbles are investigated for their potential to enhance
the delivery of oxygen and other gases in medical treatments, providing targeted and

efficient transport to tissues in need [137,138].

However, microbubbles have certain limitations. Their stability is a major concern, as
they can collapse or coalesce under pressure or over time, limiting their shelf life and
in vivo performance. Size control during synthesis can also be challenging, affecting
their uniformity and, consequently, their behavior in biological systems. Additionally,
while they enhance ultrasound imaging, the resolution is still inferior to other imaging
modalities like MRI or CT, and the depth of penetration is limited. Moreover, the
potential immunogenicity and toxicity of the materials used for the shell must be

carefully evaluated to ensure safety in clinical applications [14,139].

Chitosan microbubbles have emerged as a promising tool in the fields of targeted drug
delivery and gene therapy due to their unique properties and multifunctional capabilities.
The merits of chitosan microbubbles include their biocompatibility, biodegradability,
and ability to provide targeted delivery with minimal side effects. Chitosan
microbubbles are synthesized using various techniques, with each method tailored to
achieve specific characteristics required for different applications. The common
synthesis method involves the formation of a core-shell structure, where the core is
typically composed of a gas or volatile liquid, such as perfluoropentane, and the shell
is made of chitosan [140,141]. Then the emulsification-solvent evaporation technique
is frequently employed, wherein an organic solvent containing the core material is
emulsified in an aqueous chitosan solution. Upon solvent evaporation, chitosan forms

a stable shell around the core. Another method involves the use of high-intensity
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ultrasound to produce nanodroplets that transition into microbubbles upon exposure to

ultrasound, a process known as acoustic droplet vaporization [142].

The applications of chitosan microbubbles are vast and diverse, primarily focusing on
their use as carriers for drug delivery and gene therapy. They can encapsulate
therapeutic agents, including chemotherapeutic drugs, genes, and proteins, and release
them in a controlled manner at the target site [105,121]. This targeted delivery is
facilitated by the application of ultrasound, which triggers the release of the
encapsulated agents through cavitation or sonoporation. Chitosan microbubbles have
shown potential in enhancing the efficacy of cancer treatments, improving the
transfection efficiency in gene therapy, and providing non-invasive imaging contrast in
molecular imaging [143—-146]. Chitosan's positive charge allows for easy complexation
with negatively charged nucleotides, enhancing the stability and protection of the
genetic material during delivery. Additionally, the use of ultrasound as a trigger for drug
release offers precise spatial and temporal control, reducing systemic toxicity and
improving therapeutic outcomes. Several studies have focused on enhancing the
functionality of chitosan microbubbles through various modifications. pH-sensitive
chitosan microbubbles release their payload in response to environmental pH changes,
making them suitable for targeting acidic tumor microenvironments [147].
Thermosensitive chitosan microbubbles release drugs at specific temperatures,
potentially improving the efficacy of hyperthermia treatments [148]. Targeting
modifications, such as ligand attachment, improve the specificity of drug delivery to
particular tissues or cells, enhancing therapeutic outcomes and reducing side effects.
Chitosan microbubbles are also being explored for their potential in regenerative
medicine. Their ability to encapsulate and deliver growth factors and other bioactive
molecules makes them suitable for promoting tissue repair and regeneration. For
instance, chitosan microbubbles loaded with vascular endothelial growth factor (VEGF)

have been studied for enhancing angiogenesis in ischemic tissues [149,150].
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Additionally, chitosan's natural antimicrobial properties can be leveraged in wound
healing applications, where chitosan microbubbles can deliver antimicrobial agents to

infection sites, promoting healing while preventing bacterial growth [151].

However, there are limitations associated with chitosan microbubbles. The synthesis
process can be complex and may require optimization to achieve consistent and
reproducible results. The stability of the microbubbles can be compromised under
physiological conditions, and the potential for immune response activation by chitosan
necessitates careful evaluation of dosage and administration routes. Furthermore, the
efficiency of drug or gene delivery can be affected by factors such as bubble size, shell
thickness, and ultrasound parameters, requiring extensive in vitro and in vivo studies to
optimize these variables. Issues such as poor solubility of chitosan in neutral and basic
conditions, limited drug loading capacity, and potential toxicity of modified chitosan
derivatives need to be addressed [10-12,15,103]. Recent research has focused on
overcoming these limitations and enhancing the functionality of chitosan microbubbles.
Advances include the development of multifunctional microbubbles that combine drug
delivery with diagnostic imaging, offering a theranostic approach. Surface
modifications with targeting ligands have been explored to improve specificity towards
diseased tissues. Studies have also investigated the use of chitosan derivatives and co-
polymers to enhance the stability and reduce the immunogenicity of the microbubbles

[10,152].

1.5 Purpose and significance of this study

Acoustic cavitation is a powerful phenomenon with numerous therapeutic and
industrial applications. This process generates extreme conditions, such as high
temperatures and pressures, which can be harnessed to enhance various physical and

chemical processes. Acoustic cavitation occurs when ultrasonic waves create

-29 -



Study on Chitosan Nanoparticle-Based Structures for Acoustic Cavitation Enhancement

alternating high-pressure and low-pressure cycles in a liquid. During the low-pressure
phase, microscopic bubbles form and grow. In the subsequent high-pressure phase,
these bubbles collapse violently, releasing significant energy in the form of shock waves
and microjets. This energy release can induce localized heating, high shear forces, and
rapid mixing, which are beneficial in numerous applications, such as heat transfer,

chemical reactions, sonophoresis and sonoporation [4,5].

Enhancing the effect of acoustic cavitation can be achieved through various strategies,
including optimizing the frequency and power of ultrasound, using appropriate liquid
media, and incorporating additives [7]. The frequency and power of ultrasound are
critical parameters that influence the intensity and distribution of cavitation bubbles.
Studies have shown that lower frequencies (15 - 60 kHz) are generally more effective
in generating larger cavitation bubbles, which collapse with greater intensity, thereby
enhancing the cavitation effect. Increasing the ultrasonic power also intensifies the
cavitation effect, although it may lead to acoustic streaming, which could alter the
desired outcomes. An optimal balance between power and frequency is necessary to
maximize the cavitation effect while minimizing unwanted side effects. The properties
of the liquid medium, such as viscosity, surface tension, and vapor pressure,
significantly impact cavitation dynamics. Liquids with lower viscosity and surface
tension generally facilitate easier bubble formation and collapse. Additionally, the
presence of dissolved gases can enhance cavitation by providing nucleation sites for
bubble formation. Selecting or modifying the liquid medium to suit the specific

application can significantly enhance cavitation effects.

The introduction of nanoparticles or other additives into the liquid medium can further
enhance the cavitation effect. Nanoparticles provide additional nucleation sites for
bubble formation, leading to increased cavitation activity. Studies have demonstrated

that the use of nanoparticles can stabilize cavitation bubbles and enhance heat transfer
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rates [12,153]. Some researchers reported that corrugated hydrophilic particles with
diameters between 30 and 150 pm were observed to cause cavitation inception at their
surfaces when they were exposed to a short, intensive tensile stress wave [154]. So
these results leave 2 directions in drug carrier design: the first is to trap inherent gas
bubbles in the carriers, and the second is to make the surface of the carriers not smooth.
A dynamic equilibrium model studied the stability of nanobubbles partly covered with
hydrophobic or hydrophilic materials in water. The result showed that a stable
nanobubble could be present when the fraction of surface coverage by hydrophobic
material was from about 0.5 to 1 while a nanobubble could only be stable when the

fraction of surface coverage by hydrophilic material was exactly 1 [155].

Therefore in this study a complex structure with chitosan nanoparticles as the shell to
stabilize the air cores has been proposed (Fig. 1). The structure is thought to enhance
ultrasonic cavitation mainly by the following two mechanisms: 1, introducing more
cavitation nuclei through the surface hydrophobicity of chitosan; and 2, the periodic
growth and shrinking of nano-sized gas cores providing acoustic microstreaming to
accelerate rectified diffusion. The repeating units of chitosan are B-(1—4)-linked
glucosamines that constitute a large number of hydroxy and amino groups. These amino
groups are suggested to be highly reactive, which can be utilized by chemical reactions
in surface modification and protein attachment. Some researchers reported that
modifying the surface hydrophobicity of chitosan by introducing positive and negative
charges via methylation using methyl iodide (Mel) and reductive alkylation using 5-
formyl-2-furan sulfonic acid (FFSA) can be tuned by adjusting the reaction time [156].
Chitosan-shelled nanobubbles were prepared by emulsifying a solution containing
anionic surfactants (like SDS) and cationic nanoparticles like chitosan nanoparticles
[121]. The size of nanobubbles can be controlled by manipulating the concentrations of
nanoparticles or via other synthesis conditions such as stirring speed and time. For

nano-sized gas cores, the frequency threshold for bubbles to undergo stable cavitation
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would be higher than 1 MHz, which is around the limitation of therapeutic ultrasound
[5]. For the ultrasound homogenizer whose frequency is 20 kHz, rectified diffusion will
not occur so the small bubbles will not grow but due to the shell I assume they would
not disappear. Then the gas cores undergo low amplitude sinusoidal radial pulsations,
which are often referred to as a breathing mode and may induce acoustic
microstreaming on the outer surface. Acoustic microstreaming, or cavitation
microstreaming, refers to the small-scale streaming flow of fluid around an oscillating
object such as a gas bubble and can serve to enhance mixing effects around a bubble.
Therefore, the breathing mode of the core may increase the rate of bubble growth of the
outer cavitation nuclei since microstreaming drives fresh solution with a higher gas

concentration for rectified diffusion [5,157].

The goal of the study is to design a composite that effectively enhances acoustic
cavitation, which is promising for drug delivery and the initiation of sonochemical
reactions. Nanobubbles with chitosan as the shell have not been widely studied, which
perhaps is due to the application of chitosan focusing on drug carriers. Chitosan is
chosen for its biocompatibility, the ability to act as carriers and its changeable
hydrophobicity, which are not possessed by metal materials or other polymers. This
research demonstrate a simple process to prepare chitosan nanoparticle-shelled
microbubbles, then prove their ability to load drugs and utilize iodide dosimetry and
terephthalic acid dosimetry to assess the enhancement of the acoustic cavitation effect
[158,159]. Developing multifunctional chitosan microbubbles that can simultaneously
deliver multiple drugs or combine therapeutic and diagnostic functions is an exciting
area of research. Additionally, exploring their use in emerging fields such as
sonochemistry, regenerative medicine, and environmental applications holds great

promise.

-32-



Study on Chitosan Nanoparticle-Based Structures for Acoustic Cavitation Enhancement

-

. Sodium Tripoly-
L Chilasan
i F Chitosan phosphate (TFF)
H { Manaparticles or
\ .-rJ Nanocarriers
i
I !
: Nade
1 ; “Qilept”
I‘i ;." o ]
i i PO
shall | / )
] ”‘@irx gas core b ”s; i '
i @— 0as core being K
Q : g&____jafr bubble O deformed under 'FT-";} ) =
o o (nuclaus) ultrasound r O
During ultrasonic irradiation
Fig. 1

Schematic illustration of chitosan nanoparticle-shelled composite and ultrasound

cavitation associated with the composites in water.
During ultrasound application, the nano-sized air cores undergo low-amplitude sinusoidal radial
pulsations, inducing acoustic microstreaming on the surface of the composites. Consequently, gas
bubbles (nuclei) attached to the shell begin repetitive growth and shrinkage, accelerated by the
deformation of the air core and merging of nanobubbles through acoustic microstreaming.
Ultimately, these formed bubbles collapse, generating the cavitation effect, which has the ability to
disrupt biological barriers and deliver the drug-loaded carriers (the nanoparticles composing the

shell) to targeted sites.
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Chapter 2 Chitosan Nanoparticles and Its Ability as Drug

Carriers

2.1 Introduction: Theoretical background & Methodology

This chapter discusses chitosan nanoparticles to lay the groundwork for chitosan-based
composites. The conditions for chitosan nanoparticle synthesis, size modification
techniques, and their functionality as drug delivery carriers are demonstrated. Basic
fibroblast growth factor (bFGF, FGF2) is one of the most potent angiogenic growth
factors, with a molecular weight of ~18 kDa. bFGF is expressed in many normal adult
tissue cells and can regulate the migration and replication of endothelial, epithelial, and
fibroblast cells, which are responsible for neovascularization, collagen production, and
epithelialization [160]. Because of these roles, supplemental bFGF is essential for
healing irradiated postsurgical soft tissue and skin erosion [161]. However, there are
challenges in developing adequate systems for such therapeutic proteins to enable their
use in daily life, owing to their inherent instability and poor pharmacokinetic properties
[162]. In particular, bFGF is easily degraded and has a half-life of a few hours in
aqueous solutions or culture media, which limits its use for wound treatment [163].
Therefore, transdermal administration is a candidate method for delivery without the

loss of bFGF activity.

Transdermal administration has significant advantages over oral administration owing
to the avoidance of the first-pass effect and the harsh gastrointestinal environment and
it provides controlled and prolonged drug release [164]. Hence, transdermal
administration of bFGF is suitable for the treatment of subcutaneous tissues with the
goal of improving subcutaneous tissue activity. However, without being protected by
ionic interaction modification [165], chemical modification [166], and physical barriers

[167], bFGF in aqueous solutions is degraded by enzymes at the cell surface. Therefore,
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methods for the encapsulation of bFGF with carriers have been developed to improve
administrative efficiency. However, the stratum corneum (SC), which provides the main

protective barrier of the skin, hinders drug permeation [168].

Here is a transdermal drug delivery system enhanced by ultrasound using chitosan
nanoparticles as carriers that enable administration over a wide area of the skin [169].
In particular, the transdermal penetration effect of a low-frequency ultrasound-
enhanced delivery system using chitosan nanoparticles as the carrier for bFGF was
demonstrated in ex vivo experiments on hairless mouse skin. The use of low-frequency
ultrasound allows efficient induction of cavitation, which is a factor in penetration by
sonophoresis. Fluorescence-labeled chitosan nanoparticles were used to adjust the
ultrasound conditions, carboxymethyl chitosan was applied for protein loading, and the
validity of the noninvasive delivery system was tested. By rubbing bFGF directly on
the skin (Fig. 2a) or applying bFGF contained in nanocarriers to the skin (Fig. 2b), the
subcutaneous administration of bFGF was prevented due to the skin barrier. However,
the transdermal penetration of bFGF was increased by ultrasound (Fig. 2c), and the
transdermal penetration efficiency was further improved using chitosan nanocarriers in
combination with ultrasound (Fig. 2d). Therefore, transdermal bFGF delivery improved
by ultrasound has demonstrated the capacity of chitosan nanoparticles to load medicines

and improve delivery efficiency.

2.1.1 Meterials

Chitosan (low molecular weight, No. 448869, Sigma-Aldrich, USA), sodium
tripolyphosphate (TPP, No. 238503, Sigma-Aldrich), acetic acid (No. 64-19-7,
FUJIFILM Wako Pure Chemical Corporation, Japan), carboxymethyl chitosan (CMC,
DD = 90%, MW = 100-300 kDa, CAS 83512-85-0, Santa Cruz, USA), hydrogen
peroxide (30.0%-35.5%, No. 7722-84-1, Sigma-Aldrich), and calcium chloride

(anhydrous powder, No. 10043-52-4, Sigma-Aldrich) were used for the synthesis of
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chitosan nanoparticles. Recombinant human FGF (No. 4114-TC-01M, R&D Systems,
Inc., Minneapolis, MN, USA) was used in the experiments as the model protein. The
fibroblast growth factor 2 primary antibody (No. 12115-05041, FITC-conjugated,
Assaypro, USA), Alexa Fluor 568 (No. A20003, Thermo Fisher, USA), and Hoechst
33342 (CAS 23491-52-3, FUJIFILM Wako Pure Chemical Corporation) were used to
stain the bFGF, chitosan, and cell nuclei, respectively. The extraction buffer for the
ELISA method was composed of Trizma hydrochloride solution (pH 7.4, No. T2194,
Sigma-Aldrich), Triton X-100 (No. X100, Sigma-Aldrich), and sodium chloride (No.
7647-4-5, Sigma-Aldrich). Phosphate-buffered saline (PBS; No. T900; Takara Bio Inc.,
Japan), cryofilm (No. C-MKO001-C2, cryofilm type 2C (9), Section Lab., USA) and
Vector TrueVIEW® autofluorescence quenching kit (No. SP-8400-15, Vector

Laboratories, USA) were used in the skin cryosection preparation process.

Transdermal dosage
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bFGF Ultrasonic
transducer
Stratum
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Fig. 2 Concept of transdermal drug delivery of bFGF in our study.
(a, b) A water drop with (a) bFGF or (b) bFGF-loaded carboxymethyl chitosan nanoparticles
(CMCNs) was placed on the skin. (c) A water drop with bFGF was irradiated by ultrasound on the
skin. (d) Our proposed method: a water drop with bFGF-loaded CMCNs was irradiated by

ultrasound on the skin.
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2.1.2 Methods

Chitosan powder was dissolved in acetic acid aqueous solutions at various
concentrations (0.1~0.2% w/v). TPP powder was dissolved in purified water at different
concentrations (0.1~0.2% w/v). Then a variable volume (0.5 - 1.5mL) of TPP aqueous
solutions were added into 3 mL of the chitosan aqueous solutions dropwise under
magnetic stirring (750-1200 rpm) at room temperature. When the appearance of the
mixture is slightly turbid, chitosan nanoparticles (CNs) have formed. Then chitosan
nanocarriers were synthesized by dissolving 0.15% (w/v) carboxymethyl chitosan
powder in 9.57 mM PBS buffer. Thirty microliters of 30% (v/v) hydrogen peroxide
were added to 10 mL of chitosan solution with magnetic stirring and heated for 60 min
to synthesize carboxymethyl chitosan nanoparticles (CMCNs) for H>O> degradation.
The lid of the mixture was opened and stirred to remove unreacted H202. Next, 0.8 mL
of 5% (w/v) CaCl: solution was added dropwise to 10 mL of carboxymethyl chitosan
solution and stirred for 90 min with magnetic stirring (750-900 rpm) at 25°C. bFGF
was added to the carboxymethyl chitosan solution to achieve a protein concentration of
40 pg/mL before the addition of CaClz. The prepared nanoparticles were stored at 4°C

until further use.

The chitosan nanoparticle sizes (CNP or CMCNs) were measured using dynamic light
scattering (DLS; SZ-100, Horiba Ltd., Japan). Morphological examination of the
chitosan nanoparticle samples was performed using scanning electron microscopy
(SEM, S-4800, Hitachi Tech., Japan). The acceleration voltage was set to 5 kV.
Measurements of the particle size were performed based on the analysis of 40-100
nanoparticles using several SEM images with ImageJ software. The encapsulation
efficiency of bFGF-loaded CMCNs was determined by ultracentrifugation of samples
at 15000 x g for 30 min at 15°C. The amount of free bFGF in the clear supernatant was
measured using UV spectrophotometry at 280 nm [170]. The bFGF encapsulation

efficiency was calculated using the following equation:
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) _ deGF x Atotal - Aunencapsulated

the bFGF encapsulation efficiency(% x 100,

dCMCNs Atotal

where dvrGr and demens indicate the densities of bFGF (40 pg/mL) and carboxymethyl
chitosan (= 1.5 mg/mL) in the pre-gel solution, respectively. Atota and Aunencapsulated
indicate the absorbance of the total amount of bFGF and the absorbance of bFGF

unencapsulated in CMCN:ss, respectively.

For quantitative analysis, skin samples were cut using a 12 mm biopsy punch (No.
BDYPP1250; Team Medical Supplies, Australia). The skin punches were weighed and
homogenized in 1.5 mL of extraction buffer (50 mM Tris pH 7.4, 150 mM NaCl, and
1% Triton X-100) per gram. After homogenization, the tissue lysate was centrifuged at
13000 x g for 10 min at 4°C, and the supernatant was stored at —80°C [171]. The skin
extracts were diluted 100-fold and used for enzyme-linked immunosorbent assays
(ELISA) with a human bFGF ELISA kit (No. P09038, RayBio®), which were

performed according to the manufacturer’s instructions.

2.2 Characteristics of CMCNs and results of loading efficiency

The next images showed the trend of size change of chitosan nanoparticles by changing
the stirring time, adding different amounts of TPP solution or changing the temperature
of degradation (Fig. 3). After confirming that the chitosan nanoparticles were capable
of penetrating the skin, nanocarriers for bFGF were fabricated using chitosan as the
base material. Chitosan particles are generally produced in an acetic acid aqueous
solution, but basic bFGF is denatured under acidic conditions in an acetic acid aqueous
solution. For neutral synthesis at a pH of ~7 to prevent aggregation and damage to bFGF
which has an isoelectric point of 9.6, chitosan nanoparticles were synthesized using

carboxymethyl chitosan as the nanocarrier for bFGF. To prepare CMCNs with a
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relatively small size for further protein loading, samples were stirred for 18 h after
adding 0.8 mL of CaCl: (aq.), and were degraded by H202 at 40°C. The diameter of the
CMCNs observed by SEM was 72.8 + 1.1 nm. The primary diameter of the dried

CMCN:s after protein loading observed in the SEM images was 81.9 £ 1.5 nm.
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Fig. 3 Synthesized carboxymethyl chitosan nanoparticles (CMCNs) were observed by SEM.
(a) The stirring time was changed with a crosslinker amount of 0.8 mL and the reaction
temperature of 20°C. (b) The amount of cross-linking was changed with the stirring time of 1.5 h
and reaction temperature of 20°C. (¢) In addition to the above conditions, the reaction temperature
was changed from 30 to 50°C to enable degradation by H>O,, with a stirring time of 1.5 h and
crosslinker volume of 0.8 mL (rn = 40-100, mean + S.D., *p > 0.05, **p > 0.01, ANOVA). From
the above results, CMCNs were prepared by stirring for 18 h, adding 0.8 mL of CaCl;, (aq.), and
degradation by H,O, at 40°C.

The CMCNs were loaded by mixing bFGF with aqueous carboxymethyl chitosan
during synthesis. The diameter of the bFGF-loaded CMCNs observed by SEM was 81.9
+ 1.5 nm. Therefore, bFGF loading modestly increases the primary diameter. The
bFGF-loaded CMCNs had a hydrodynamic diameter of 347.1 + 3.0 nm as measured by
DLS. The CMCNs without bFGF had a hydrodynamic diameter of 239.8 + 0.9 nm. By
comparing the amount of bFGF in the bFGF solution in PBS and bFGF-loaded CMCN5s
via UV absorption spectrometry, 92.81% of the total bFGF was found to be
encapsulated in the CMCNs and the bFGF encapsulation efficiency is equal to 2.47%
of the mass of the CMCNs. Subsequently, these bFGF-loaded CMCNs were used to

evaluate subcutaneous delivery with bFGF.
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2.3 Qualitative & quantitative analysis of protein delivery

To confirm the transdermal penetration of nanocarriers loaded with bFGF on mouse
skin using sonophoresis, skin cryosections of hairless mice treated with ultrasound of
various vibration amplitudes and synthesized bFGF-loaded CMCNs were observed
(Fig. 4a—c). For the control groups, skin tissues were treated using ultrasonic irradiation
with nanocarrier-free bFGF (positive control, Fig. 4d) or deionized (DI) water (negative
control, Fig. 4e). Ultrasound was applied at a frequency of 45.0 £ 1.0 kHz, with an
application time of 5 min and a current of 80—160 mA. The microscopy images of the
mouse skin treated with ultrasound and the bFGF-loaded CMCNs (Fig. 4a—c) showed
that bFGF (white arrow) penetrated the SC of the hairless mouse skin. bFGF was stuck
in the pores (red arrow) of the skin irradiated with carrier-free bFGF. These results
suggest that bFGF loading in nanocarriers promotes the transdermal penetration of

bFGF by ultrasonic irradiation.

Next, a quantitative analysis using ELISA has been conducted (Fig. 5). The amount of
bFGF (=2.23 + 0.41 pg/mL) originally contained in the mouse skin was detected as a
blank. In the absence of ultrasonic irradiation (= 0 mA), little bFGF was detected
beyond that originally contained in the mouse skin with or without the use of
nanocarriers (2.13 £ 0.21 and 2.74 + 0.10 pg/mL, respectively). These results indicate
that bFGF attached to the skin surface was removed by the rinsing process, regardless
of the presence or absence of the nanocarrier. When ultrasound was applied to mouse
skin with bFGF solution (PBS), a higher amount of bFGF (= 5.10 + 0.48 pg/mL) than
blank was detected. This result indicates that bFGF partially penetrated the skin with
the help of ultrasonic irradiation. Meanwhile, the bFGF-loaded CMCNs enabled the
delivery of a greater amount of bFGF to the mouse skin under ultrasonic irradiation
with applied currents of 80 mA (7.20 = 0.57 pug/mL), 120 mA (7.57 £0.71 pg/mL) and
160 mA (7.59 £0.61 pg/mL). Based on these results and the fluorescence images of the

skin (Fig. 5), bFGF was delivered subcutaneously in large amounts using nanocarriers
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with ultrasonic irradiation.
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Fig. 4 Microscopy images showing the skin cryosections treated with bFGF.

In the fluorescence images, the green, blue, and white dotted lines indicate the FITC-conjugated
bFGF, Hoechst 33,342-stained nucleus, and the SC, respectively. The bFGF-loaded CMCNs
suspension was used to penetrate the skin by ultrasound with an (a) 80 £ 5 mA, (b) 120 £ 5 mA,
and (c) 160 = 5 mA current applied to the ultrasound transducer. (d) bFGF without CMCNs
suspension was used to penetrate the skin using ultrasound with a 120 + 5 mA current applied to
the ultrasound transducer as a positive control. (¢) Pure water was used to penetrate the skin using

ultrasound with a 120 + 5 mA current applied to the BL transducer as a negative control. All scale

bars = 100 pm.
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Fig. 5 Quantitative analysis of the amount of bFGF administrated into the skin by ELISA.
The amount of bFGF originally present in the skin is shown by the dashed line marked as blank.
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Water drops with bFGF and bFGF-loaded CMCNs placed on the skin are shown in the orange and
the blue plot, respectively (n = 3, mean = S.D., *p > 0.05, Student’s t-test).

2.4 Summary

By adjusting the amount of crosslinker or its concentration, the size of the chitosan
nanoparticle can be controlled from around 20 nm to hundreds of nm. The process of
loading proteins into nanoparticles leads to a change in size. The loading efficiency was
over 90%. The application of ultrasound and chitosan nanocarriers could lift the
concentration of bFGF, while increasing the intensity of ultrasound could lead to better
delivery results. It has been shown that carboxymethyl chitosan nanocarriers with the
enhancement of ultrasound delivered bFGF into hairless mouse skin ex vivo. The
primary diameter of the dried CMCNs observed in the SEM images was 81.9 + 1.5 nm.
Under typical low-frequency sonophoresis (LFS) conditions where safety has been
confirmed, nanomaterials with a primary diameter of ~100 nm observed by SEM
reportedly penetrate the skin [172]. Therefore, the CMCNs synthesized in this study

had a size sufficient to penetrate subcutaneously using ultrasonic irradiation.

The enhancement in the presence of chitosan nanocarriers was thought to be attributed
to the acoustic cavitation effect, which disrupt the skin barrier and leave channels for
drug carriers to entry. The ability of chitosan nanoparticles to load proteins has been
proven. Therefore, even if the composites are destroyed under ultrasonic irradiation,
the drug-carriers can still finish their task. Sonophoresis uses ultrasound to disrupt the
structure of the SC, enabling a transdermal delivery route for macromolecules which
has shown promising results in delivering heparin, insulin, and other peptides [173].
Sonophoresis with these drugs has been actively studied because the relatively low-
molecular-weight drugs (< 10,000 Da) can easily penetrate the skin when assisted by
sonophoresis. Meanwhile, the transdermal penetration of relatively large

nanomedicines (tens to hundreds of nanometers) is difficult because ultrasonic

-42 -



Study on Chitosan Nanoparticle-Based Structures for Acoustic Cavitation Enhancement

irradiation conditions will require optimization [172,174,175]. Therefore, conventional
studies have focused on the size of drugs transdermally delivered by sonophoresis alone.
However, the results showed that contrary to previous studies, the use of nanocarriers
of increased size improved the efficiency of bFGF administration in combination with
sonophoresis. The results indicate that the protection provided by easily degradable
nanomedicine and the effect on acoustic cavitation from the additives may affect the
performance of sonophoresis. Therefore, in the next chapter, we focused on designing
chitosan nanoparticle-shelled composites, which could be promising for various

applications due to their ability to enhance the acoustic cavitation effect.
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Chapter 3 Size and Structural Analysis of Chitosan

Nanoparticle-Shelled Composites

3.1 Introduction: Theoretical background & Methodology

Microbubbles are defined as gas-filled bubbles with diameters in the micron range, and
can enhance ultrasound contrast and act as a vehicle for drug delivery [16].
Microbubbles can be classified based on their shell materials, including lipid, protein,
and polymeric microbubbles. Lipid microbubbles are biocompatible, but they are prone
to gas diffusion and collapse [126]. Protein microbubbles, typically using albumin,
provide stability but may have immunogenicity concerns [127,128]. Polymeric
microbubbles can offer greater stability and tunable properties but normally involve
more complex synthesis processes. Some experiments have shown that microbubbles
can be formed by attaching a shell material to the surface of particles, followed by
dissolution of the particle core, creating a microbubble structure. [129,130]. In Chapter
2 the ability of chitosan nanoparticles to load proteins has been proven. Due to acoustic
cavitation, these chitosan nanoparticles have successfully delivered proteins into the
skin samples of hairless mice. Moreover, in this chapter, chitosan nanoparticle-shelled
composites were prepared using a simple emulsification process. This process involves
mixing anionic surfactants with cationic nanoparticles, which allows for efficient,
scalable production under mild conditions. The goal is to enhance the acoustic

cavitation effect and expand its potential applications.

Chitosan microbubbles have emerged as a promising tool in the field of therapeutics
due to their unique properties and multifunctional capabilities. The advantages of
chitosan microbubbles come from their unique combination of chitosan and
microbubbles. These include biocompatibility, biodegradability, targeted delivery with

minimal side effects, and their impact on ultrasonic mechanisms due to their structure.
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The goal of the experiment is to design a composite that is effective in enhancing
acoustic cavitation, which is promising in drug delivery and sonochemical reaction
inception. Nanobubbles with chitosan as the shell have not been widely studied, which
perhaps is due to the application of chitosan focusing on drug carriers. In this chapter
experimental results about the synthesis of chitosan nanoparticle-shelled composites
were shown by adjusting time, shaking speed, the volume ratio of chitosan
nanoparticles to SDS and mixing methods. Electron microscopy and optical

microscopy were applied to observe the composites.

CNP-shelled composites were prepared by shaking mixtures containing 100—-500 pL of
a stock CNP solution and 100—400 pL of 10 mM SDS solution for 5-120 min. Purified
water was added to ensure a total liquid volume of 700 pL. Shaking was performed at
various speeds using a thermoshaker (TS-100C, Biosan, Latvia), with the optimized
speed determined to be 1200 rpm. CNPs with different sizes have been applied to
synthesize composites. The hydrodynamic size and zeta potential of CNPs were
measured using a nanoparticle analyzer (nanoPartica SZ-100V2, Horiba Ltd., Japan).
For each chitosan nanoparticle formulation, based on the same concentration and ratio,
three independent samples were synthesized, and the hydrodynamic size measurements
were performed three times on each of the three samples. The mean size and standard
deviation were calculated from the results of these three samples (n = 3, where n
represents the number of experimental repetitions), ensuring the reliability of the data.
Composite samples were diluted 50-fold, and 10 pL of each solution was placed onto
an ultra-flat silicon wafer, allowing the solvent to evaporate for scanning electron
microscopy (SEM, S-4800, Hitachi High-Tech Co., Japan). SEM imaging was
conducted with an acceleration voltage of 5 kV. Purified water was used as the dilution
medium. Ultrasound irradiation was applied by a homogenizer (20 kHz) with a duty
cycle of 75%. All the Eppendorf tubes filled with composite samples can be set around

the ultrasound transducer in the water bath to keep them at room temperature. The
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distance of a certain tube to the transducer was set to the same by a microtube floating
rack. Also, the homogenizer was directly applied to samples of 20 mL without a water

bath and a disposable centrifuge tube as the container.

3.2 Hydrodynamic size of chitosan nanoparticles and photographs

The next figure showed the trend of hydrodynamic size of chitosan nanoparticles (Fig.
6). The chitosan nanoparticle synthesized with a lower concentration of TPP solution
has a size of 26.18+5.76 nm and the nanoparticle with a higher concentration has a size
of 34.45+1.49 nm. The result demonstrated that even though the total mass of chitosan
and TPP was the same, the concentration could still affect the particle size. Besides,
chitosan nanoparticles in 1 mL of 0.2% w/v TPP solution have agglomerated and thus
cannot be measured by DLS. Although the chitosan nanoparticle has the appropriate
size, the relatively low concentration may affect further experimental steps. Chitosan
nanoparticles prepared by adding 500 pL of 0.2% w/v TPP solution into 0.15% w/v
chitosan solution followed by adding 300 uL of pure water or not have sizes of 24.25
nm or 25.42 nm, which may prove that adding water after adding TPP might not affect
the size. Besides, using a high-concentration TPP solution seems to lead to higher
deviations in the measuring results, which means the formation of nanoparticles under
high concentrations may not be stable or have more agglomeration. Based on these
results, the following conditions were selected for synthesizing CNPs for use in
composites: chitosan concentration 0.15% w/v, TPP concentration 0.20% w/v, and TPP

volume 500 pL.

For further experiments, the volumes of chitosan and TPP solutions were scaled up to
15 mL and 2500 pL, respectively, while maintaining the same chitosan and TPP
concentrations. The size trend after scaling up, shown in Fig. 7, was similar to that

observed in Fig. 6 for lower volumes of chitosan and TPP solutions. The sizes of
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chitosan nanoparticles were altered by tuning the volume of TPP solution. The added
amounts of TPP solution were 2.5, 3.2, 3.5, 3.7, 4.0, 4.2, and 4.5 mL, respectively. The
sizes of chitosan nanoparticles were 22.60, 27.20, 28.87, 32.73, 38.13,42.07, and 55.91
nm when the amounts of TPP were 2.5, 3.2, 3.5, 3.7, 4.0, 4.2, and 4.5 mL, respectively.
The average hydrodynamic size of the CNPs used in composite formation was 22.6 +
2.6 nm, obtained when the volume of TPP solution was 2.5 mL, based on 10
measurements of 3 samples. The zeta potential of the nanoparticles, measured 10 times,

was +58.5+ 1.0 mV.
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Fig. 6 Dependence of the hydrodynamic size of chitosan nanoparticles on chitosan
concentration, TPP concentration, and volume of TPP solution.
The hydrodynamic size of chitosan nanoparticles was evaluated using the dynamic light scattering
method (n = 3, mean =+ standard deviation). The chitosan solution concentrations are 0.10 % w/v
for (a) and (b), and 0.15 % w/v for (c) and (d). The TPP solution concentrations are 0.2 % w/v for
(a) and (c), and 2.0 % w/v for (b) and (d). The numbers in the figure represent the hydrodynamic

sizes of the nanoparticles in nanometers (nm). n represents the number of experimental repetitions.
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Fig. 7 Dependence of the hydrodynamic size of chitosan nanoparticles on the volume of TPP
solution. The hydrodynamic size of chitosan nanoparticles was evaluated using the dynamic light
scattering method. The concentration of the chitosan solution is 0.15% w/v, and the concentration

of the TPP solution is 0.2% w/v. The numbers in the figure represent the hydrodynamic sizes of

the nanoparticles in nanometers (nm). (n = 3, mean = S.D. n represents the number of

experimental repetitions.)

3.3 Morphological characterization of optical and electrical microscopes

CNP-shelled nanobubbles and the original chitosan nanoparticle have been observed
by SEM. The dilution factor and the amount of solutions were set to the same so the
SEM images may be compared. The following images are some of the SEM images
(Figs. 8 & 9). When being shaken for 1~5 minutes, the mixture did not seem to show
much difference but just nanoparticle agglomeration. When the shaking speed was too
slow, there seemed to be no nanobubbles but just particle agglomerations, which may
be due to the gas bubbles that played as the core of the nanobubbles being too small at
low speeds. When raising the shaking time to 30 minutes or 2 hours, there seems to be

a hollow region in the particles (Fig. 8), which may be the proof of gas cores.

With a short shaking time, the sample does not appear to be significantly different in
morphology from pure chitosan particles (Fig. 9a). While shaking the mixture with the
same composition for a longer time like 30 minutes, there seemed to be some circle-

like distributions (Fig. 9a), which was not quite clear due to the low volume ratio of
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CNPs to SDS. The ratio in Fig. 9a was 0.5:1 and the shaking speed was 1200 rpm by a
thermoshaker. Increasing the ratio did not create a significant difference between the
sizes of the composites but only made them a little bit larger, which were all around 1
pum (Fig. 9b). Moreover, lengthening the stirring time, raising the ratio of CNPs to SDS,
or reducing the speed seemed to be responsible for the increased composite sizes.
Decreasing the shaking speed to 750 rpm and reducing the shaking time to 5 minutes
seemed to be helpful in preparing composites with small sizes (Fig. 9b). Chitosan
nanoparticles used in figures 8 and 9a and b have a size of 22.6 nm. By changing the
size of CNPs, it can be seen that some images do not have a clean background and the
chitosan nanoparticles have agglomerated to some level (Fig. 9¢). Compared with
previous results, there seemed to be no significant difference between the sizes of the
composites, which were all around 1 pm. However, the thickness of the composites

may be affected by the size of the CNPs.

Though the composite is transparent making it not easy to observe, some of the photos
indicated there may be a sphere-like shape and some photos seemed to show
nanobubbles with a gas core inside (Fig. 10). Figure 10 shows several composite
samples under an optical microscope that were prepared by the same chitosan
nanoparticles with a size of 22.6 nm but added in different amounts. Tiny bubbles with
a gas core and chitosan nanoparticle clumps coexist in these images. Besides, raising
the amount of SDS seems to be meaningful in reducing the agglomeration of chitosan
nanoparticles. Chitosan nanoparticle-shelled composites prepared by using different
chitosan nanoparticles have also been observed under an optical microscope. Many
images also showed the presence of bubbles (Fig. 10). However, due to the limitation
of the magnification of the optical microscope, clearer images were not obtained.
Further confirmation of the presence of gas cores and the size measurement of

composites may require SEM observations.
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To prepare CNP-shelled composites, longer shaking times and higher volume ratios
between CNP suspension and SDS solution are preferable. This is because longer
shaking times provide sufficient energy for the migration and deposition of CNPs at the
gas-core interface, ensuring the formation of a stable and complete shell structure.
Insufficient shaking time leads to incomplete coverage and instability of the composites,
as observed in Figs. 8 and 9. A higher volume ratio of CNP suspension provides more
CNPs, which are essential for stabilizing the gas core. However, no clear morphological
difference was observed in the composites with increased amounts of CNPs, as shown
in Fig. 9b, suggesting the following formation mechanism. The emulsification process
influences the size of the gas core; however, as the concentration of surfactant (SDS)
controls the emulsification, the size of the gas core likely remained unchanged under a
constant SDS concentration. No coagulation of CNPs on the core was observed, even
with larger amounts of CNP suspension, because the deposition of CNPs on the gas
core is regulated by the interfacial effect between the SDS covering the gas core and

the CNPs.

M Chitosan nanoparticle-shelled composites N 30min shaking N 120min shaking

in SEM photographs (1 min shaking)

Fig. 8 SEM images of CNP-shelled composites with altering the shaking time during composite
preparation. The scale bars are on the images. The shaking times for the left two images are 1 min,

the middle two images are 30 min, and the right two images are 120 min.
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Fig. 9 SEM images of CNP-shelled composites with altering the shaking time (a), the volume
ratio between CNPs and SDS (b) or the size of chitosan nanoparticles (¢) during composite
preparation. The scale bars are on the images.
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Chitosan NP 300 pL - SDS 100 L 300 - 200

300 - 300 300 - 400

Chitosan NP 500 uL - SDS 100 pL 500 - 200

500 - 300 500 - 400

Chitosan NP 300 pL - SDS 100 pL 300 - 200

300 - 300

Fig. 10 CNP-shelled composites prepared by several CNPs at different ratios between CNPs and
SDS by an optical microscope (Shaking at 750 rpm for 5 min).
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3.4 Summary

Particle size increased with the increasing amount of crosslinker; however, the zeta
potential decreased slowly. Optical photographs showed that CNPs with a low
concentration may be helpful in preparing nanocomposites with a gas core. However,
due to the limitations of the optical microscope's magnification, clearer images were
not obtained. Further confirmation of the presence of gas cores and size measurement
of the composites was conducted by SEM observations. As the shaking time lengthened
or the volume ratio between CNPs and SDS increased, the size of the composites
seemed to increase. The ratio between SDS and nanoparticles may need to be adjusted
to prepare smaller composites. However, measuring the size of the composites precisely
remains a problem. The performance of CNP-shelled composites is evaluated in the

next section using iodide dosimetry and terephthalic acid dosimetry.
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Chapter 4 Analysis of Acoustic Cavitation Enhancement

by Chitosan Nanoparticle-Shelled Composites

4.1 Introduction: Theoretical background & Methodology

Chitosan nanoparticle-shelled composites have been prepared while altering the
shaking time, shaking speed, or volume ratio between chitosan nanoparticles and SDS
solution in Chapter 3. The morphology check has been conducted using optical and
electrical microscope photographs, which could act as direct evidence to prove the
presence of gas cores therefore the structure of microbubbles. Assessing the effect on
ultrasound acoustic cavitation by iodide dosimetry and terephthalic acid dosimetry
became the main point of this chapter, which could demonstrate the promise of the

proposed composite and act as indirect evidence of the presence of the gas cores.

4.1.1 lodide dosimetry

When water is sonicated, the adiabatic collapse of cavitation bubbles leads to the
formation of radical species, such as hydroxyl radicals (*OH), hydrogen peroxide (H202)
and hydroperoxyl radicals (HOO¢®) [176]. There are numerous ways to measure and
determine inertial cavitation. Chemical products can be utilized to quantify cavitation
activity since cavitation effects include both mechanical and chemical impacts [177].
The chemical implications of inertial cavitation can be observed using iodide
dosimeters, terephthalate dosimeters, and Fricke dosimeters, among other chemical
approaches [176,178]. lodide dosimeters and Fricke dosimeters, which are photometry-
based dosimeters, are not very sensitive. lodide dosimeters, however, are relatively easy
to use and universally accepted. The iodine dosimeter yields consistent and repeatable
findings, but it lacks the sensitivity needed for some sonochemical applications. It is
commonly accepted that the oxidation of potassium iodide (KI) serves as a reference

for calibrating sonochemical efficiency. Furthermore, handling and preparing KI
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solutions are straightforward.

Iodine ions in KI aqueous solution can change into iodine molecules when exposed to
ultrasonic radiation, which is the basis for the KI dosimetry method's calculation of
cavitation activity [179]. Thus, the acoustic cavitation can be measured using the iodine
release. When ultrasound is applied to a potassium iodide (KI) aqueous solution,
oxidation occurs and I" ions are oxidized by the generated radicals to give 2. The excess
of I" ions present in solution react with I> to form I3~. The amounts of I3~ ions can be
quantified by a UV spectrophotometer at 350 nm. The main reactions occurring with

this method are shown below:

H,O + ultrasound —»+ H+ - OH
“OH+I" —> OH +1,

F+1, < Iy
The KI dosimetry method was utilized to assess the enhancement effect of ultrasound
with Nal solutions (100 mM) in these experiments. Sodium iodide was added before
ultrasound irradiation, and the ultrasound is applied for up to 120 minutes. lodide
solution, iodide solution with added SDS, iodide solution with added chitosan
nanoparticles and iodide solution with added chitosan composite were subjected to
ultrasonic treatment. After ultrasonic treatment, the sample was subjected to
centrifugation at 15000 rpm for 30 minutes twice to collect the supernatant (Model
3700, Kubota Co., Ltd, Japan). The absorbance of I3 (355 nm) was measured by UV-

visible spectroscopy (BioSpec-nano, Shimadzu Corporation, Japan).

4.1.2 Terephthalic acid dosimetry

Moreover, studies have demonstrated that terephthalic acid (TA) is useful for measuring
and identifying free hydroxyl radicals produced when cavitation bubbles collapse in
ultrasonic fields. 2-hydroxyterephthalate ions, which are very fluorescent, are produced
when the terephthalate ions combine with hydroxyl radicals [180,181]. An established

technique for tracking acoustic cavitation is terephthalic acid dosimetry, although it
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requires a spectrofluorometer and is time-consuming. Besides, PB buffer is widely used
in TA dosimetry as it plays a crucial role in maintaining pH stability during the reaction,

which could potentially affect the stability of chitosan nanoparticles.

Terephthalic acid (TA, 2 mM, 0.033 g) was dissolved by heating (water bath at 80°C),
then 0.02 g of NaOH and TA were dissolved in 100 mL of PB solution (pH = 7.4,
prepared from KH2PO4 <0.58 g> and Na;HPO4<0.98 g> then dilute 10 times). Before
use, the solution was kept in the refrigerator (around 4°C) and in the dark to prevent a
photochemical reaction. Chitosan nanoparticle-shelled composites were prepared by
shaking the mixture containing 200 - 1000 pL of a stock solution of CNPs and 200 -
600 pL of 10 mM SDS solution at 1200 rpm for 30 minutes (purified water was added
to meet the same total liquid volume, which was 1400 pL). 15 Eppendorf tubes were
simultaneously shaken using a thermoshaker, followed by combining them for
ultrasound irradiation. Then the composites were washed twice with PB solution for
further terephthalic acid dosimetry. After the washing process, the precipitation
(composite) was combined with 5 mL of solution medium and added to 15 mL of the
TA solution, ready for ultrasonic treatment. Purified water, TA solution, and TA solution
with added chitosan composite were subjected to ultrasonic treatment. The ultrasonic
treatment was conducted using a homogenizer at room temperature for 60 minutes,
utilizing a disposable centrifuge tube as the container (frequency: 20 = 1 kHz, output:
10%, device: UX-300, Mitsui Electric, Japan). The output was set to 10% for
composite-involved ultrasound treatment experiments. The fluorescence intensity was
measured using a spectrofluorometer (F-7000, Hitachi High-Tech, Japan, excitation
wavelength: 315 nm, emission range: 350-550 nm, scan speed: 240 nm/min, excitation

slit: 10 nm, emission slit: 10 nm, photomultiplier voltage: 400 V).
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4.2 Results of KI dosimetry and issues

Several kinds of CNP-shelled nanocomposites synthesized by adjusting the volume
ratio between SDS and chitosan nanoparticles were tested by KI dosimetry. Figure 11
shows the absorbance results of I3". The shaking speed during composite synthesis was
altered to 250, 500, 750 or 1200 rpm (Figs. 11 and 12). The volume ratio between
chitosan nanoparticles and SDS solution was altered during the composite synthesis, to
prepare different composite samples. The values of the absorbance were relatively low,
which may be attributed to the unclear trend of the effect of the ratio between chitosan
nanoparticles and SDS. It seems to be that composites synthesized at 1200 rpm had
better performance on ultrasound enhancement, which may be because of the different

sizes of composites and more air bubbles being introduced into the mixture.

In Fig. 13, the conditions for synthesizing these composite samples were shaken by a
thermoshaker for 30 minutes at 1200 rpm. The concentration of sodium iodide was 0.1
or 1 M. The ultrasonic irradiation was applied by the homogenizer for 120 minutes with
a water bath to keep the temperature at 22°C, or lower than 40°C without a water bath.
In Fig. 13a and 13c, the volume of CNP was fixed at 100 pL while the quantity of SDS
was varied. In Fig. 13b and 13d, the volume of SDS solution was fixed at 200 pL while
the quantity of CNP was altered. In Fig. 13a and 13b, sodium iodide solution was used
as a benchmark, and the solution was heated to 60°C for 2 h on a hot plate. In Fig. 13c
and 13d, the sodium iodide solution was subjected to ultrasonic irradiation under the
same conditions as the composite samples. Compared with Nal solutions heated at 60
degrees for 2 hours, all ultrasound-irradiated samples have shown higher absorbance
values, which indicates that a water bath may not be necessary since the effect of
heating during ultrasonic irradiation was not outstanding (Figs. 13A and 13B), which
is consistent with the conclusion that the solution temperature showed restricted
influence on potassium iodide oxidation by some researchers [176]. The trend of the

effect of the ratio between chitosan nanoparticles and SDS was still unclear. The
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absorbance in Fig. 13c and 13d was relatively lower than that in Fig. 13a and 13b, likely

due to the change in sodium iodide concentration.

Compared with either heated or irradiated sodium iodide solutions, all CNP-shelled
composites demonstrated higher absorbance, indicating an increased chemical reaction
rate in the presence of the composites. In Fig. 13¢ and 13d, an orange dotted line
represents the SDS solution after 2 h of ultrasound irradiation, which consisted of 200
puL of SDS solution and 0.1 M sodium iodide. Based on the absorbance in Fig. 13¢ and
13d, the SDS benchmark showed a 1.12-fold improvement over the decomposition of
ultrasonically treated sodium iodide solution. The use of composites resulted in
improvements in hydroxyl radical generation ranging from 1.73-fold to 1.98-fold,
outperforming SDS by 54% to 77%, respectively, suggesting that the generation of

acoustic cavitation is enhanced.

During the ultrasonic treatment of the potassium iodide solution with added chitosan
composite, the homogenizer sometimes stopped working due to excessive foam, which
might be caused by the reduced total liquid volume or the acoustic cavitation growth
during the irradiation. It can be seen that with the addition of chitosan nanoparticles or
composites, the spectra showed higher peak absorbance values than the values of KI

and SDS samples (Figs. 13C and 13D).

To summarize here, for different shaking speeds, it seemed to be that composites
synthesized at 1200 rpm had better performance on ultrasound enhancement. A water
bath may not be necessary during ultrasound application by the homogenizer since the
effect of heating is not outstanding. Further experiments were conducted with a Nal
concentration of 100 mM since at a lower concentration the difference between
ultrasound-applied and non-applied samples was clearly enough. It seemed that the

enhancement of ultrasound by composites was confirmed, while the effect of changing
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the ratio of chitosan nanoparticles and SDS remained unclear.

In the iodide dosimetry method, the determination of cavitation activity is based on the
fact that iodine ions in KI aqueous solution can be transformed into iodine molecules
under ultrasonic irradiation. In previous results, it can be seen that with the addition of
chitosan nanoparticles or composites, the spectra have shown higher absorbance peak
values than the values of KI and SDS samples. Chitosan would form complexes with
iodine and the purple coloring of the complexes is primarily I3~ ions, which can be seen
in the sample photo (Fig. 14). Thus precise quantitative measurements of the degree of
cavitation activities would be hard to achieve without any additional method to hinder
the formation of chitosan-iodine complexes. Moving forward, TA dosimetry was
applied to avoid this issue and obtain a precise quantitative analysis of the ultrasound

acoustic cavitation effect.

® 750rpm T & T50mpm
®1200rpm & 1200rpm
L
§ ¥ § ?
: :
]
2 . ¢ 2 *
a 100 200 300 400 0 100 200 300
Quantity of SD5 (pl) Quantity of 505 (pl)
{chilosan nanoparticles: 100 pl) (chilosan nanoparticles: 300 pl)

Fig. 11 Absorbance of I3 measured by UV-vis spectroscopy on different composite samples.
The composite samples were prepared while changing the shaking speed (750 or 1200 rpm). The
concentration of sodium iodide was 0.1 M. The treatment time of ultrasound was 60 min. (n= 3,

mean +£S.D.)

-59.
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Fig. 13 Absorbance of [3- measured by UV-vis spectroscopy on different irradiated composite
samples: Concentration of sodium iodide (A and B) =1 M, (C and D) = 0.1 M. (A) and (C)
showed the absorbance change during the quantity of SDS increasing when CNPs was 100 pL.

(B) and (D) showed the absorbance change during the quantity of CNPs increasing when SDS was

100 puL. The benchmark is sodium iodide solution that was either heated or treated with

ultrasound, represented by dashed lines in each graph. (n = 3, mean +£S.D., *p < 0.05, Student’s t-

test)
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Fig. 14 Purple coloring of the chitosan-iodine complexes after ultrasound treatment.

4.3 Results of TA dosimetry

The following figure (Fig. 15) shows the fluorescent intensity peak values of ultrasonic-
treated TA solutions added with chitosan composites. The ratio between chitosan
nanoparticles and SDS has been altered and the ultrasonic treatment time was 10 - 60
minutes. To analyze the impact of ultrasonic treatment on TA decomposition, the
treatment time was set at intervals of 10 minutes. Labels such as "CNP1SDS1" signify
a 1:1 ratio between chitosan and SDS, as with the other labels. After widening the slit
width in the measuring conditions to 10 nm in the fluorescence spectroscopy, the curves
now exhibit smoother peaks, allowing for better differentiation among various
composite samples. PB buffer was utilized as the solvent for the TA solution and for
washing composite samples before ultrasonic irradiation experiments. Given that PB
buffer has a simpler composition and a lower concentration of salt ions, it is anticipated
to enhance the stability of chitosan composites and nanoparticles compared to PBS
buffer. Moreover, adjusting the pH of PB buffer is more convenient than using
purchased PBS tablets. The pH values of both the TA solution and the TA mixed
solution, with added chitosan composites, were measured before ultrasonic treatment,
and the results are presented in the table below (Table 1). Notably, the pH values show

minimal variation, which is reasonable due to the buffering effect. Subsequent TA
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dosimetry experiments were conducted with TA solution in PB buffer.

Table 1 pH values of part of the samples before ultrasonic irradiation.

TA TA and TA and TA and
CNP1SDSI1 CNP1SDS3 CNP3SDS2

pH 7.21 7.23 6.97 7.02
3000

—s—CNP180S1  —s—CNP1SDS2

+—CMNP15D53 CNP3SDS2

2500 —#—CMNP5SDS2  —&—CNP3

——TA ——TA+SDS1.7

2000

Fluorescence Intensity (arb. unit)
&
=]

70

Tima (min)

Fig. 15 Fluorescence intensity peak values of TA dosimetry at 425 nm while different composite
samples and TA solutions have been measured.
The label of sample’s name indicated the volume ratio between CNP and SDS. The treatment time

of ultrasound was set at intervals of 10 minutes (Ex: 315 nm, Em: 425nm. n =1).
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Fig. 16 Fluorescence intensity of TA solutions with composite samples (a, b, and ¢), SDS

solutions(d) or acetic acid solutions(e).
(Ex: 315 nm, Em: 425nm. For graph a, b, ¢, and d: n =3, mean +S.D. *p < 0.05, Student’s t-test).

1200 1200
e A 2 B
= 1000 = 1000 "
E * E LS
= 800 el = BOO el
E it % o E Ll el
.
g : 3
s 400 . E 400 =
g g
§ 200 . 5 200 2
o o L
0 o
1] 2000 4000 G000 BOOO 10000 0 2000 4000 6000 8000 100400
S0O5 amount {pL) SDS amount (ul)
1400
= c
5 1200
=1
5 3000
g BOO
o
E
o 600
8
E 400
ﬁ 200
s
]
0 5000 10000 15000 20000

Quantity of CNP in Composites (uL)

Fig. 17 Correlation between fluorescence intensity and SDS amount (figure a: linear fitting,

figure b: logarithmic fitting), chitosan nanoparticle amount of composite (figure c: linear fitting).

The x axis in figure c represents the quantity of chitosan nanoparticles in composites.

Table 2 Comparisons between experimental data and calculations based on the equations in

figure 17 (a: R-squared; b: p from T test were also listed.). The experimental data points are from

figure 16b & 16c.
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(a)
Experimental Linear Logarithmic Linear Logarithmic Linear Logarithmic
Data Fitting(f=1) | Fitting(f=1) | Fitting(f=0.7) | Fitting(f=0.7) | Fitting(f=0.5) | Fitting(f=0.5)
8.47x102 7.47x102 6.54x102 8.31x102 7.67x102 8.86x102 8.73x102
7.61x102 4.68x102 4.34x102 6.36x102 5.47x10? 7.47%102 6.54x102
7.41x102 1.90x10? 3.05x102 4.40x102 4.18x102 6.08x102 5.25%102
1.13x103 5.66x102 4.83x10? 6.91x102 5.96x102 7.75%102 7.03x102
7.41x102 1.90x10? 3.05%102 4.40%x102 4.18x10? 6.08x102 5.25x10?
6.12x102 -5.62x102 1.70x102 -6.05x10! 2.83x10? 2.74x102 3.90%10?
R-squared 0.886 0.963 0.886 0.963 0.886 0.963
R-squared 0.795 0.960 0.795 0.960 0.795 0.960
(b) standardized
Experimental Linear Logarithmic Linear Logarithmic Linear Logarithmic
Data Fitting(f=1) | Fitting(f=1) | Fitting(f=0.7) | Fitting(f=0.7) | Fitting(f=0.5) | Fitting(f=0.5)
8.47x10? 1.04x103 9.81x10? 9.56x102 9.81x10? 9.01x102 9.81x102
7.61x10? 7.61x10? 7.61x102 7.61x102 7.61x102 7.61x102 7.61x102
7.41x10? 4.82x102 6.33x102 5.66x102 6.33x102 6.22x102 6.33x102
1.13x103 1.12x103 9.19x102 9.92x102 9.19%x102 9.08x102 9.19%x102
7.41x102 7.41x102 7.41x102 7.41x102 7.41x10? 7.41%102 7.41x10?
6.12x10? -1.06x10" 6.06x102 2.40%102 6.06x102 4.07x102 6.06x102
T.test 0.906 0.942 0.867 0.942 0.820 0.942
T.test 0.607 0.716 0.569 0.716 0.545 0.716
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Fig. 18 Calculated fluorescence intensity values from Table 2a and their trendlines.

Generally, extended ultrasonic treatment time results in higher fluorescence intensity,
as shown in Fig. 15. In the chitosan nanoparticles sample, the amount of CNP added
was identical to that in sample “CNP3SDS2”, whereas the SDS added to the TA solution
was adjusted to a ratio of 1.7 relative to CNP. The TA solution without any additives
displayed the highest fluorescence intensity, suggesting that a more detailed analysis of
the original data is needed to clarify the effect of each component. Sodium dodecyl
sulfate can inhibit the fluorescence reaction of terephthalic acid by altering the
microenvironment; the micelles formed by SDS may encapsulate TA molecules,
thereby reducing their effective interaction with other reactive species. Furthermore, as
an anionic surfactant, SDS carries a negative charge that can interfere with positively
charged intermediates critical to the fluorescence process. Additionally, SDS may also
competitively adsorb onto active sites, further restricting TA’s accessibility and

lowering the overall fluorescence yield.

Figure 16 shows the fluorescence intensity peak values of ultrasound-treated TA

solutions with the addition of CNP-shelled composites. The volume ratio between CNP
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and SDS was varied. Figure 16a, 16b and 16c present the fluorescence intensity of TA
solutions with composite samples. In Figure 16a, the volume of CNP was fixed at 3000
pL, while the amount of SDS was adjusted to alter the volume ratio during composite
preparation. In Figure 16b, the volume of SDS solution was fixed at 3000 uL, while the
quantity of CNP was varied. In Figure 16c, the composite sample had a volume ratio of
1:3 between CNP and SDS solution, using 3 mL of chitosan nanoparticles and 9 mL of
SDS solution. The concentration of this composite sample was altered during the
washing process before ultrasonic irradiation. Figure 16d shows the fluorescence
intensity of TA solutions with SDS. A higher concentration of SDS solution (0.1 M)
was used for the dilution of TA. The horizontal axis indicates the quantity calculated
based on the standard SDS concentration (10 mM) used in synthesizing the composites.
Figure 16e demonstrates that the presence of acetic acid influenced the fluorescence
intensity. The intensity values were higher than those in other graphs, as both the
ultrasound homogenizer output and the treatment time were altered to 30% and 30
minutes, respectively, for the experiments involving acetic acid. Acetic acid, used in the
synthesis of chitosan nanoparticles, may have left some residual amounts, but the larger
volume used here aimed to assess its potential effect on the fluorescence intensity
results. The pure TA solution without composite samples showed a fluorescence

intensity of 1.76x103, an average of 4 times the measurement.

Figure 16(a) shows a decreasing trend in fluorescence intensity with increasing SDS
quantity, while Figure 16(b) demonstrates an increase in fluorescence intensity as the
amount of CNP in the composites increases. In Figure 16(c), a decreasing trend in
fluorescence intensity was observed with increasing the concentration of composite.
These graphs collectively examine the effects of varying the concentrations and volume
ratio of composites on fluorescence intensity. It is suggested that increasing the quantity
of SDS, reducing the amount of chitosan nanoparticles in the composites, or increasing

the composite concentration all lead to a reduction in the generation of hydroxyl
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radicals, indicating a potential decrease in acoustic cavitation activity. As the
concentration of chitosan nanoparticles increased, the amount of SDS also increased
and was released under ultrasonic irradiation. Based on the results from Figures 16a,
16b, and 16¢, the influence of the acoustic cavitation effect by different composite
samples can be compared. The composite with the highest fluorescence intensity
exhibited an increase of 93% compared to the composite with the lowest fluorescence

intensity.

Figure 17 presents three graphs (a, b, and c¢) analyzing the impact of the amount of CNP
or SDS solution on fluorescence intensity. Each graph includes fitted trendlines with
corresponding equations and R-squared values. The data points were from Fig. 16b and
16d. Figure 17(a) reveals a strong negative correlation between fluorescence intensity
and SDS amount, as evidenced by a linear fit: y = (=9.29x1072)x + 9.41 x 1072 with R?
= 0.954. Conversely, Fig. 17 (b) demonstrates a slightly better fit with a logarithmic
trendline, y = (=3.17x10%)In(x) + 3.11x10° with R? = 0.961, suggesting a logarithmic
decrease in fluorescence with increasing SDS. Finally, Fig. 17(c) displays a positive
linear correlation between fluorescence and composite concentration, y = (2.81x1072)x
+ 7.89%x10% with R? = 0.928. In Figure 17(c), although the effect on SDS cannot be
accurately estimated, it can be regarded as constant since the amount of SDS is constant.

Thus, the equation of the nanoparticle is obtained: y = (2.81x1072)x .

The fluorescence intensity for a CNP-shelled composite synthesized with a uL of
chitosan nanoparticles and b uL of SDS solution is expressed by a combination of the

following functions

F(a,s) = CNP (a) + SDS (s) + ¢ (4-1)

CNP (a) = (2.81 X 10™%)a (4-2)

SDS(s) = (—=9.29 X 1072)s + (9.41 x 10?) (4-3-1)
SDS(s) = (=3.17 X 10™2)In(s) + (3.11 x 103) (4-3-2)
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s=fxb (4-3-3)
where a and b are the volume (uL) of chitosan nanoparticles and SDS solution, f'is a
fitting parameter that determines the contribution of residual SDS solution to the
resultant fluorescence intensity, F(a,s), and ¢ is a constant. Here, we discuss which
fitting models, noted by eq. (4-3-1) or eq. (4-3-2), are appropriate for formulating F(a,s)
and their applicable range of SDS concentration. The parameter f physically represents
the fraction of the remaining volume of SDS after washing to the volume of SDS
initially added in the composite synthesis. By choosing fas 0.5, 0.7, and 1.0, a series of
F(a,s) calculated using either linear or logarithmic models are compared to the
measured fluorescence intensities labeled as “experimental data” in Table 2 for
estimating the effect of the residual SDS on TA reaction. The experimental data from
Figs. 16a and 16¢ involve various quantities of chitosan nanoparticles and SDS, which
also means that the volume ratio was altered. The calculations were based on the
previous equations (4-1 and 4-2) and the corresponding equations obtained from Fig.
17. The constant, ¢, 1is affected by the fluorescence intensity of pure TA solution and
the residual SDS (Fig. 17c). The calculated values of composite are the sum of the
equations for CNP and SDS because there is already a negative sign in the SDS(s)
portion of the equation. Since the ¢ in eq. (4-1) cannot be determined, the calculated
values were standardized based on experimental data, by adding a constant to each
value in Table 2a. The residual amount of SDS (in both the solution and the composite)
after two washes was uncertain. Linear and logarithmic fitting models were evaluated
with R-squared values and p-values from T-tests, indicating the reliability of each fitting
method. From a physical perspective, the inhibitory effect of SDS on the TA reaction
has an upper limit, making logarithmic fitting a more realistic model, especially at
higher SDS amounts. Notably, logarithmic fittings consistently outperformed linear
fittings in terms of R-squared values (highest R-squared = 0.963), suggesting a more
accurate representation of the data. However, by comparing the first-row experimental

data in the upper and lower sections of Table 2b (8.47x10% and 1.13x103), the values
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calculated using linear fitting maintain the same trend as the experimental results. This
indicates that linear fitting remains applicable at lower SDS concentrations.
Additionally, these calculations can be used to estimate the fluorescence intensity of
composite samples with known volume ratios, providing a basis for comparing their

effects on acoustic cavitation.

Figure 18 contained four scatter plots with trendlines showing the calculated values
using different fitting models and their trendlines. The calculated values were from
Table 2a. Since the fitting parameter f represents the residual amount of SDS during TA
reaction, Fig. 18 illustrates the influence of different SDS residual levels on the

fluorescence intensity of composites with varying volume ratios.

The accuracy of the calculating models may be influenced by several factors. Firstly,
the standard value of the TA solution must be measured for each set of experiments to
ensure consistency. Secondly, the presence of residual acetic acid, introduced during
the nanoparticle synthesis process, could affect the results (Fig. 16e). Additionally,
maintaining consistent ultrasonic irradiation settings presents a challenge, potentially
leading to variability in the fluorescence intensity data. Furthermore, experimental
errors, which may necessitate repeated experiments, could introduce inconsistencies
that impact the fitting model. Lastly, the structural differences among composite
samples, influenced by their varying compositions, may also play a significant role in
affecting the experimental data and the fitting models. These factors collectively

contribute to the complexity and potential inaccuracies in the model fitting processes.

Since SDS is demonstrated to impede the TA reaction, the portion of the difference
between the pure TA solution and SDS (s) may be identified as the part that is impacted
by SDS and then be subtracted. Once the influence of SDS has been eliminated, its

calculated values (obtained via logarithmic fitting in Fig. 17b) can be subtracted from
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the composite experimental data (Fig. 16) to determine the composite’s effect on TA
(Fig. 19). The effect of CNP-shelled composites is expressed as follows:

Effect of CNP — shelled composites = Composite experimental data +
(Fluorescence intensity of TA solution - Calculated values of SDS) (4-4)
The intensity value of composite is higher than that of TA when f > 0.418. Composite
has a recognized boosting influence on ultrasonic acoustic cavitation as known from KI
dosimetry, and the trend of the calculated results agrees with the experimental data.
Even if the parameter “f” has an impact on the absolute value, as the CNP in the
composite grows, the promoting influence on TA continues to exhibit an upward trend.
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Fig. 19 Calculations showing the effect of chitosan nanoparticle-shelled composites, while
subtracting the effect of SDS.
Composite has a recognized boosting influence on ultrasonic acoustic cavitation known from KI

dosimetry, and the trend of the calculated results agrees with the experimental data.

4.4 Summary

In this chapter, the enhancement of acoustic cavitation using chitosan nanoparticle-
shelled composites was analyzed. These composites were synthesized by varying
shaking time, shaking speed, and the volume ratio between chitosan nanoparticles and
SDS solution. The primary focus was on evaluating the effects of ultrasound on acoustic
cavitation, with iodide dosimetry and terephthalic acid dosimetry serving as key
measurement techniques. These methods provided both direct and indirect evidence of

the composites' performance in enhancing cavitation.
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Iodide dosimetry leverages the oxidation of potassium iodide to measure cavitation
activity. In these experiments, various CNP-shelled nanocomposites were synthesized
by adjusting the volume ratio between SDS and chitosan nanoparticles and altering
shaking speeds. The absorbance of I3~ ions, formed during KI oxidation under
ultrasound, was measured using UV spectroscopy. Results indicated that composites
synthesized at 1200 rpm showed better performance in enhancing ultrasound effects
compared to those synthesized at 750 rpm, likely due to differences in composite sizes.
Despite this, the specific impact of the ratio between chitosan nanoparticles and SDS
on ultrasound enhancement remained unclear, as trends were not consistently observed.
Nevertheless, samples with added chitosan nanoparticles or composites consistently
showed higher peak absorbance values than those with only KI and SDS, confirming

the enhancement of ultrasound by the composites.

To address limitations in iodide dosimetry, particularly the formation of chitosan-iodine
complexes that could distort quantitative measurements, TA dosimetry was employed.
This method measures free hydroxyl radicals produced during cavitation bubble
collapse, providing a more precise analysis of cavitation activity. Despite challenges in
dissolving TA in water and ensuring the stability of chitosan composites, TA dosimetry
revealed significant insights. Fluorescence intensity peak values were measured for
various TA solutions and composites, with results indicating that prolonged ultrasonic
treatment generally led to higher fluorescence intensity. The analysis showed that
increasing SDS quantity decreased fluorescence intensity, while increasing chitosan
nanoparticles in the composites led to higher fluorescence intensity. These findings
suggest a complex interplay between the components of the composites and their effects

on cavitation enhancement.

In conclusion, this chapter demonstrated that CNP-shelled composites can enhance
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acoustic cavitation, with variations in synthesis conditions influencing their
effectiveness. While iodide dosimetry provided initial insights, TA dosimetry offered
more precise quantitative analysis, despite its challenges. Future experiments should
focus on optimizing composite synthesis and dosimetry methods to further clarify the
mechanisms of ultrasound enhancement and improve the reliability of quantitative

measurements.
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Chapter S General Conclusions and Qutlook

5.1 Conclusions

To enhance the effect of ultrasound, a structure with gas bubbles as the cores and
chitosan nanoparticles as the shell has been proposed. This study has delved into the
synthesis, characterization, and application of chitosan nanoparticle-shelled composites,
focusing on their potential to enhance acoustic cavitation and lay the groundwork for
various therapeutic and industrial applications. This composite is thought to be
promising for drug delivery or initiating chemical reactions, mainly because of acoustic

cavitation.

By adjusting the amount of crosslinker or its concentration, the size of chitosan
nanoparticles can be controlled from approximately 20 nm to several hundred
nanometers. The process of loading proteins into nanoparticles alters their size, with a
loading efficiency exceeding 90%. The application of ultrasound and chitosan
nanocarriers effectively increases the concentration of bFGF, with higher ultrasound
intensities yielding better delivery outcomes. It has been demonstrated that
carboxymethyl chitosan nanocarriers, when combined with ultrasound, successfully
deliver bFGF into hairless mouse skin ex vivo. The enhancement observed in the
presence of chitosan nanocarriers is attributed to the acoustic cavitation effect, though
the specific influencing factors require further investigation. The ability of chitosan
nanoparticles to load proteins has been well established, suggesting that even if the
composites are disrupted by ultrasonic irradiation, the drug carriers can still fulfill their
function. Sonophoresis, which employs ultrasound to disrupt the structure of the
stratum corneum, facilitates the transdermal delivery of macromolecules and has
demonstrated promising results for drugs such as heparin, insulin, and other peptides.
Conventional studies have primarily focused on the size of drugs transdermally

delivered by sonophoresis alone. However, contrary to previous findings, this study
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suggests that increasing the size of nanocarriers can enhance bFGF delivery efficiency
when combined with sonophoresis. These results indicate that the protection provided
by degradable nanomedicine, along with the effects of acoustic cavitation from
additives, may influence sonophoresis performance. Therefore this study focused on
designing chitosan nanoparticle-shelled composites, which hold the promise for various

applications based on their ability to enhance acoustic cavitation.

By changing the size of chitosan nanoparticles, the shaking speed or time, and the
volume ratio between CNPs and SDS, the size of the composites seems to be adjustable.
To prepare CNP-shelled composites, longer shaking times and higher volume ratios
between the CNP suspension and SDS solution are preferable. Extended shaking
durations provide sufficient energy for the migration and deposition of CNPs at the gas-
core interface, ensuring a stable and complete shell structure. The composite's ability
to load drugs can be achieved by preparing composites with drug-contained

nanoparticles.

Qualitative analysis by KI dosimetry has proven that the composites can enhance
ultrasonic effects. The SDS benchmark showed a 1.12-fold improvement over
ultrasonically treated sodium iodide solution decomposition. The use of composites
enhanced hydroxyl radical generation by 1.73- to 1.98-fold, surpassing SDS by 54% to
77%, suggesting enhanced acoustic cavitation. Moreover, the study highlights the
complex interplay between various experimental parameters and their impact on the
fluorescence intensity of TA solutions. Increasing the quantity of SDS or reducing the
amount of chitosan nanoparticles in the composites, as well as increasing the
concentration of the composite, consistently led to a decrease in fluorescence intensity.
Through rigorous analysis, linear and logarithmic fitting models were employed to
understand these relationships, with logarithmic models demonstrating a higher

accuracy as indicated by superior R-squared values. The investigation also underscored
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the significance of considering residual SDS, acetic acid presence, and experimental
consistency in influencing the results. Ultimately, recent results provided valuable
insights into predicting fluorescence intensity through composite formulations.
Composite has a recognized boosting influence on ultrasonic acoustic cavitation known
from KI dosimetry, and the trend of the calculated results agrees with the experimental
data from TA dosimetry. Even if the residual SDS remained unclear, as the CNP in the

composite grows, the promoting influence on TA continues to exhibit an upward trend.

Despite promising results, several limitations need to be addressed. The synthesis
process for chitosan microbubbles is not complex but requires optimization to ensure
consistent and reproducible results. Additionally, factors such as bubble size, shell
thickness, and ultrasound parameters significantly affect drug or gene delivery

efficiency, requiring extensive in vitro and in vivo studies to optimize these variables.

5.2 Outlook

The potential of chitosan-shelled composites for enhancing acoustic cavitation is
evident from the experimental data. Future experiments should focus on optimizing
synthesis methods and dosimetry techniques to further elucidate the mechanisms of
ultrasound enhancement and improve the reliability of quantitative measurements.
Additionally, exploring the use of these composites in emerging fields such as
regenerative medicine and environmental applications holds significant promise. The
findings from this study contribute to the broader understanding of acoustic cavitation
and its enhancement through nanocomposites, paving the way for innovative
applications in medicine and industry. As research progresses, it is crucial to address
the existing limitations while harnessing the full potential of chitosan-shelled

composites for practical and impactful solutions.
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Recent research has made strides in overcoming the limitations of microbubbles,
focusing on enhancing the functionality of microbubbles. Innovations include
developing multifunctional microbubbles that combine drug delivery with diagnostic
imaging, offering a theranostic approach. Issues such as poor solubility of chitosan in
neutral and basic conditions, limited drug loading capacity, and potential toxicity of
modified chitosan derivatives need to be addressed [10-12,15,103]. Surface
modifications with targeting ligands have been explored to improve specificity towards
diseased tissues. Studies have also investigated the use of chitosan derivatives and co-
polymers to enhance the stability and reduce the immunogenicity of the microbubbles

[10,152].
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