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Abstract

Chemotherapy is widely used for cancer treatment; however, it causes unwanted
side effects in patients such as fatigue, weight loss, pain, hair fall and nausea. Those
side effects are due to the fact that most of the currently used therapeutic agents are in
fact toxic to several organs, including the heart. In addition, many of them lead to the
death of both cancerous and healthy cells. In the traditional way of treatment, when the
patient was injected with the drug, a high dosage was required so that enough could
reach the cancer cells and destroy them. These high dosages, however, can cause more
harm than benefit, since they are responsible for the death of many healthy cells. To
avoid these adverse effects, nanocarriers, called liposomes, have been developed, which
can be loaded with the chemotherapeutic agents, and can be chemically modified to
circulate for long periods in the blood stream while encapsulating the drugs and
resisting any premature leakages. Additionally, ligands can be conjugated to their
surface, allowing for their specific binding to receptors overexpressed on the surface of
cancer cells and the subsequent internalization via endocytosis. Using ultrasound (US)
as a triggering mechanism, the release of the drug is controlled temporally and spatially
as it is induced inside the cells, hence avoiding drug release in systemic circulation,
which in turn reduces the undesired side effects of conventional chemotherapy. US is
of great interest to be used as a triggering technique as there is a lot of published work
proving its usability in causing release from liposomes. Most of the work uses low
frequency US as it causes the release at lower power densities; however, it is hardly
focused unlike US at higher frequencies. The developed liposomes were tested against
low frequency US (20 kHz) and focused-US at 1 MHz and 3 MHz and the results were
compared to the literature. Moreover, the kinetics of the release were modeled to be
used for many applications such as control systems and elimination of the need for

further exhaustive laboratory experimentation.
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CHAPTER 1: Introduction

In the past decade, there has been increased interest in the area of drug delivery
especially for the treatment of cancer, an often terminal disease that can have
devastating symptoms. In 2012, cancer was reported as the leading cause of death in
Europe and North America. It was also regarded as the second leading cause of death
in the less developed countries, especially in Africa. Statistics of estimated cancer
incidence, mortality and prevalence worldwide are well documented by GLOBOCAN,
a project of the International Agency for Research on Cancer, part of the World Health
Organization (WHO) [1]. Unfortunately, this disease can be very difficult to treat, and
sometimes even impossible. Tumors can strike in two forms, either malignant or
benign. In both forms, tumors result from an abnormal growth of cells. In the case of
benign tumors, this abnormal growth usually forms a stable, non-moving mass that can
be removed from the body through surgery. On the contrary, in the case of malignant
tumors, i.e., cancer, the growing cells can spread in the body, causing metastasis,
increasing the number of affected organs and interfering with vital body functions.

Treatment varies according to the tumor type: in the case of benign tumors,
surgery is usually performed to remove the tumor, although there is no guarantee that
all cells are removed. Likewise, in the case of a cancerous tumor, it is still possible to
remove the whole tumor if it is contained within a specific area, but in the case the
cancer goes into metastasis, it may not be feasible to do so [2]. In some cases, no surgery
is possible, especially when the tumor is located in inaccessible or vital areas (e.g. brain
tumors). These facts led medical doctors and scientists to try to develop assistive
treatments that can help in stopping cancer from spreading inside the body which led
to the development of chemotherapy. The German chemist Paul Ehrlich was the first to
use the term chemotherapy in the 1900s [3]. He was also the first to use animal models
for testing newly developed chemical medicines. These pioneering discoveries led to
the true revolution of chemotherapeutic agents used for cancer treatment as we know it
today [3]. However, it was not until the 1960s that chemical medicines were considered
effective against cancer. Prior to that, surgery and radiotherapy were dominant in the
treatment of cancer. In 1960, scientists discovered that the use of chemotherapy, in
addition to surgery, increased the possibility for a successful recovery of cancer patients
[3]. However, chemotherapy, although a great discovery, can also cause several health

problems to those undergoing treatment. This is due to the fact that the chemicals used
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are not selective, i.e., they affect not only cancerous cells, but also healthy cells in the
body. Hence, patients treated with anti-neoplastic chemical agents suffer from several
serious side effects due to the death of vital healthy cells, such as hair loss, fever,
fatigue, weight loss and lowered immunity [2, 4].

Since scientists believe in the essentiality of using chemotherapy for cancer
treatment, researchers have directed considerable attention to reducing its side effects.
One of the methods used to overcome these unwanted effects was to lower the toxicity
of the chemicals through identification of the effective agents and the removal of
unwanted chemicals before administration. Another approach consisted of carefully
checking the vitals of the patient and testing for allergic reactions, before he/she was
declared eligible to undergo chemotherapeutic treatment [2]. However, the greatest
advances in this field were, possibly, due to the collective work of medical scientists
and engineers who used their technological and scientific knowledge to design efficient
Drug Delivery Systems (DDS).

Nanoparticles are an essential part of a DDS. They have a durable chemical
composition that is compatible with bodily fluids, and can be designed to circulate in
the body for extended periods of up to several days [5]. The role of these nanoparticles
is to encapsulate the chemotherapeutic agent in their core, so that it does not interact
with healthy cells in the body. Nanoparticles are designed based on two targeting
methods, passive and active, both of which make them capable of accumulating in
cancerous tumors preferentially. This, in turn, reduces the dosage that would be needed
to treat the tumors if the free drug were to be used. Once the nanoparticles accumulate
at the diseased site, external or internal means of triggering are used to release their
content, by disrupting their membrane, which causes the drug to leak out. Hence, the
release trigger is the complementary part of many DDSs. Examples of nanoparticles are
liposomes, micelles, dendrimers, archaeosomes, solid lipid nanoparticles and other
carrier systems [6, 7], with the most widely researched being the first two. Examples of
external triggers are ultrasound (US), electromagnetic waves (light-triggering) and
magnetic fields, while internal triggers include pH, temperature and enzymes [8].

Furthermore, for every DDS, release experiments are conducted to determine
the relation between US parameters and the release rate. Therefore, any experiment will
involve the adjustment of one of the US parameters such as intensity or frequency to

study its effect on the release curve. This process will yield multiple release curves
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which can be used as a reference for medical doctors employing the DDS to help them
choose the proper US parameters that can be used to achieve a certain level of release
within a certain period of time. Hence, developing models based on the collected release
data would prove to be beneficial especially if a controller is to be designed to control
the US during the online sonication process. Also, those models work as a method by
which a release curve can be predicted even if it is not one of the initial curves used to
develop the model.

The objectives of this thesis are as follows:

1. Todesign a focused US probe capable of operating at 1 and 3 MHz frequencies
while providing waves of high power densities.

2. Test the release of the model drug calcein from the newly developed PEGylated
liposomes against the two frequencies and various power densities in offline
experiments.

3. Explore the reasons behind the release of the calcein from the liposomes at those
frequencies.

4. Test and study the dynamics of the release of the model drug calcein from the
newly developed PEGylated liposomes when sonicated with 20 kHz US at
different intensities in the continuous mode in online experiments.

5. Develop a generic ANN model relating different US parameters and the
corresponding release trend for the 20 kHz online experiments.

6. Use the developed model to design a controller that can adjust the sonicators
parameters to follow a certain desired output based on the neural network model
predicative controller (NN-MPC).

In this thesis, the focus is on liposomes as the drug carrier and high frequency
US as a triggering technique while reviewing briefly the history of triggering
techniques. Hence, in the next chapters, the chemical aspect of liposomes and the way
they are formed is discussed followed by a chapter that reviews different nanocarriers
and their corresponding triggering techniques. Then in chapter four, a review of the
physics of ultrasound is presented that will help in understanding the ways it can induce
drug release from nanocarriers. This review also helps in understanding the procedure
used in designing the ultrasound probe used in this thesis. Chapter five then discusses
ultrasound applications in drug delivery and explores the ways it interacts with

14



liposomes. Then, in chapter six, the experimental procedure followed for the release
experiments and the results for those experiments with discussions are presented.
Chapter seven then introduces the modeling and control concept and details the online
low frequency release experiments conducted to develop the ANN model. Chapter 8
will then summarize the release results and the method by which the model was
developed. It also includes the NN-MPC designed to control the release from a

simulated in vitro situation.
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CHAPTER 2: Liposomes

2.1. Introduction

A full DDS is composed of two main parts. The first part is related to the carrier
vehicles that circulate in the body, and then deliver their contents to the desired location.
These carriers include liposomes, micelles, dendrimers, archaeosomes, solid lipid
nanoparticles and others [9-11], but in this work, only liposomes are discussed. The
second part of the DDS is the controlled release of the drug from the nanocarriers using
triggering methods [8].

To improve the utility of these nanovehicles, so they can circulate in the blood
stream and accumulate at the desired location, targeting techniques are used to modify
their surface so that they can sense their way in the body and accumulate preferentially
at the tumor site. There are two broad types of targeting techniques, namely passive and
active (ligand) [5, 8, 12, 13]. In passive targeting, the vesicles accumulate preferentially
at the tumor site based on several malignancy physical parameters, including pH level,
capillary size, enzymatic concentration, and leaky vasculatures [14]. Additionally, solid
tumors have damaged lymphatic drainage systems. Together, these factors promote the
extravasation and accumulation of macromolecules and nanoparticles at the tumor site,
a phenomenon known as the enhanced permeability and retention effect (EPR) [15, 16].
This type of targeting requires longer circulation periods allowing for the carrier to
accumulate at the targeted location before release occurs [5, 8] (see Section 2.3.
Liposome stability - stealth liposomes). Furthermore, in passive targeting, the carriers
can also be designed to respond to the intended trigger. Hence, the physical
environment in which the drug is introduced can be used both as a targeting parameter
and as a triggering technique, as will be discussed later. Nonetheless, while controlling
the release using physical parameters may prove challenging, it may be a desirable
feature in case most of the loaded drug dosage contained in the carriers is to be
completely released [5, 9, 12, 17, 18].

The nanocarriers can also be designed in such a way that they have higher
affinity towards certain cancer cells, when compared to their affinity towards healthy
cells. This is done using ligands that can biochemically recognize certain features of
cancerous cells (namely receptors), thus allowing them to specifically bind to those

cells. This type of targeting is termed active targeting. Active targeting can be further
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divided into three levels: first-order, second-order, and third-order targeting [13]. First-
order targeting usually refers to organ targeting, where the carriers are programmed to
accumulate in a certain organ and release the drug in the desired region. This is the
lowest form of active targeting as it is not sufficiently selective. Second-order targeting,
cell targeting, is more selective as the carriers bind to the surface of the cells inside the
organ where the drug can be released. This form of targeting is more focused, yet not
very selective because the drug is released over the whole region, including healthy
cells in the vicinity of the cancer tissue. The third and most selective active targeting
form is called subcellular targeting. The carriers used in this form have the ability to
select specific cells, enter their cytosol, and release their contents afterwards [19, 20].
Using third-order targeting, only cancerous cells are treated with the chemotherapy,
while the adjacent healthy cells are usually spared the cytotoxicity of the anti-neoplastic
agent [12, 13, 18].

2.2 What are liposomes?

In the early 1960s, Alec Bangham, a British scientist, was conducting
experiments with phospholipids when he recognized spherical structures developing
when water was added to the phospholipid film. Later, he discovered that those
spherical structures, known as liposomes, were hollow and could encapsulate chemicals
[17, 21, 22]. Liposomes are drug delivery vehicles in the nanosize range which can be
used to encapsulate chemotherapeutic drugs until reaching the location of diseased
tissues inside the body. They are comprised of phospholipid bilayers similar to cell
membranes (Figure 1), which is an advantage when compared to other nanoparticles.
Phospholipids are molecules that have two parts, a hydrophilic head and a hydrophobic
tail. This composition allows for both hydrophobic and hydrophilic drug encapsulation
by the liposomes. Hydrophobic drugs can be loaded between the lipid layers where no
water is present, while hydrophilic agents can be loaded in the aqueous core of the
liposomal structure. Additionally, liposomes have the advantage that chemical flags
(ligands) can be attached to their surfaces to achieve more specific active targeting [21,
23].

17



Hydrophopic drug

Hydrophilic drug Hydrophopic drug

PEG spacer Arm

Figure 1. The general structure of a PEGylated liposome.

The lipids that form liposomes have certain features that determine the structure
of the resultant carrier. Those features include the packing parameter which is the ratio
of the cross-sectional areas of the hydrophobic to the hydrophilic regions of the lipid

and can be calculated as follows [17, 24]:

— L)

where V and L are the volume and the length of the hydrophobic part while A refers to

PP =

the area of the hydrophilic part. In order to form a functional liposome, the packing
parameter needs to be between 0.74 and 1.0 [25]. If this threshold is met, using the right
technique, full liposomes called multilamellar vesicles (MLVs), can be formed [26].
MLVs are relatively big in size and their main advantage is that they are stable.
Unilamellar vesicles (ULVs) can be produced from the MLVs by physical means, e.g.
high intensity focused US (HIFU). These ULVs can be further classified into three
types: small unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs), and grand
or giant unilamellar vesicles (GUVSs) [27] (Figure 2). The most appropriate vesicles for
drug delivery are the ULVs due to their average size and their ability to encapsulate all

types of drugs [24].
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LUV 2100 nm

ML: Multi-Laminar MLV 2 500 nm GUV2300nm 20<SUV <100 nm
UL: Uni-Laminar

Figure 2. Formation of liposomes of different sizes and levels. LMV, multilamellar vesicle; SUV, small
unilamellar vesicle; LUV, large unilamellar vesicle; GUV, giant unilamellar vesicle.

Other features of liposomes, including thermotropic behavior, phase transition
temperature (or temperature range), and maximum transition temperature (Tm), are also
determined by the lipid composition and their packing parameters. These features
determine the permeability of the liposomes and their sensitivity to temperature. When
liposomes are formed, the lipid bilayer goes through a two-phase transition stage. The
lipids can change from a solid-ordered state (SO), sometimes referred to as the gel
phase, where each element is discrete and not attached to other elements in a
harmonious way forming a crystalline structure, to a liquid-ordered state (LO) where
the layer becomes more flexible and homogenous. When the lipids forming the
liposomal membrane are all in the SO state or in the LO state, the liposomes are
considered to be tight, allowing almost no drug release. However, as the lipid
transitions from one state to another, at some point, some of the lipids will be in the SO
state while others will be in the LO states. When this happens, in a state referred to as
liquid-disorder (LD), the lipids are arranged in such a way that allows the formation of
pores in the shell through which the drug starts to diffuse out, i.e., release begins. This
transition happens due to a temperature change that leads to the solidification or
liquefaction of the lipids. This phenomenon occurs at Tm, during which the maximum
change in heat capacity happens and most of the thermal energy is used to re-organize
the lipids. This transition temperature is determined based on the packing parameter

and the lipid composition of the liposomes. Similarly, other liposomal features depend
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entirely on the lipid composition hence reasserting the importance of the chemical
formulations of those nanocarriers [17, 24, 28].

The fact that the liposomal membrane is similar to that of human cells gives it
the advantage of being more easily accepted by the human body. Nonetheless, these
membranes can still be attacked by the macrophages that patrol the blood constantly,
which can identify them as dead cells or foreign structures, thus contributing to their
elimination. At the same time, this fact can actually be advantageous in some cases.
Some diseases, such as systematic fungal infection and leishmaniase, are due to the
infection of macrophages; hence they can be treated by delivering liposome-
encapsulated toxic drugs directly into the mononuclear phagocyte system [23]. To treat
other diseases, a new strategy had to be devised, and this issue was resolved with the
synthesis of a new type of liposome called stealth liposomes [23, 29-31].

2.3. Liposome stability - stealth liposomes

A crucial characteristic that needs to be addressed when dealing with drug
nanocarriers is their stability. Stability is essential since non-stable carriers will
prematurely release their toxic content once the patient receives the medication.

Stealth liposomes are high-stability, long-circulating liposomes [23, 29-31].
The inclusion of saturated phospholipids and cholesterol in the composition of
liposomes increases their stability, but does not prevent their binding to proteins. To
increase the blood circulation time of liposomes, these vehicles are usually coated with
a layer of a synthetic polymer called polyethylene glycol (PEG) (Figure 1), which
protects them from binding serum proteins, and thus from being recognized by the
mononuclear phagocyte system.

The stability of a liposome is mainly dependent on three factors: chemical
composition, colloidal stability, and biological stability, all of which are inter-related
[17, 30].

2.3.1. Chemical formula stability

Since liposomes are nano-sized carriers made of lipids, their chemical stability
is highly dependent on the stability of these compounds, which are prone to oxidation
and hydrolysis [17]. Both unsaturated and saturated hydrocarbon chains can suffer

oxidative processes, although the latter only occurs at high temperatures. In the
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presence of oxygen, this process, termed lipoperoxidation, develops quickly and may
lead to the rupture of the hydrocarbon chains. Such reactions cause deformations in the
surface of the liposomes that lead to their destabilization. The chemical stability of the
liposomes determines their shelf-life and can be enhanced by the addition of
antioxidants and chelators of metal ions [30].

Another chemical process that jeopardizes the stability of liposomes is
hydrolysis. This process can affect both the carboxylic esters, as well as the phosphate
esters that are present in the liposomal structure. The hydrocarbon chains may be
completely hydrolyzed leading to the formation of glycerophosphoric acid [17].

To increase the physicochemical stability of the liposomes, cholesterol units are
added to the formulation, which, along with the presence of phospholipids containing
saturated hydrocarbon chains, make them stiffer and less vulnerable to physical factors
[8]. The use of cholesterol needs to be optimized so that the produced liposomes are
stable enough to circulate for longer periods in the body, yet their breakdown is possible
so that drug release can be achieved at the diseased location. It has been observed that
liposomes with cholesterol in their composition have longer blood circulation time,

which proves that chemical stability affects biological activity [31].

2.3.2. Colloidal stability

Colloidal stability refers to stability in the case of collisions between different
liposomes and other components of the blood (including blood proteins). When
liposomes are systemically introduced into the body, it is inevitable that they will
collide with other particles. Those collisions may lead to their disruption and shear,
allowing for the release of their contents. To avoid the occurrence of this disruption due
to collisions, a surface chemical chain is attached to the surface of the liposomes
through either grafting or absorption. The most widely used chemical chain is, as
mentioned before, the PEG polymer, which is added to the formulation to generate
sterically stabilized liposomes (SSL) (the stealth liposomes mentioned previously) [32].
The PEG polymer is a hydrophilic chain that is spread over the surface of the liposomes.
These chains are capable of preventing the liposomes from colliding with other particles
in the body using a repulsive force due to the compression of the chains between the
two surfaces. Simply stated, those chains work as springs that create an opposing force

when compressed to retain their original length (Figure 3). These polymers also protect
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the liposomes against the mononuclear phagocyte system, lowering the possibility of
the liposomes being ingested by the macrophages, as described earlier. Chain
compression is entropically unfavorable allowing for the carriers to circulate in the
blood for longer times [33].

However, the presence of these chains on the surface of the liposomes may pose
a problem when the liposomes are used for active targeting. The ligands for targeting
are usually shorter than the PEG polymers, which presents a challenge to the action of
targeting as it prevents the ligands from binding to the receptors on the surface of the
targeted cells [34]. Therefore, to achieve better targeting of PEG-coated liposomes, the
targeting ligand is attached to the surface of the liposome through a PEG spacer arm.
This allows the ligands to be extended further outside the dense PEG-coated surface
and become more “visible” to the receptors, which reduces steric interference when

binding to the target [28].

Figure 3. Stability of PEGylated liposomes. Collisions are prevented by adding PEG chains to the
surface of liposomes, which act as springs during collisions.
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2.4. eLiposomes

eLiposomes or emulsion liposomes are a new class of stealth liposomes,
containing nanoemulsion droplets, which makes them more sensitive to ultrasonic
triggering (i.e. more echogenic) [35-39]. This feature is an example of the type of
modifications that the liposomes can undergo to improve their effectiveness as drug
carriers. Once emulsions are vaporized, the size of the carrier increases by 125-fold
which bursts it open, thus spilling its contents at the desired location. The emulsions
can also act as bubbles that can cause cavitation, which is one of the mechanisms by
which drug release from liposomes can be induced (discussed in section 4). However,
here, only the structure of the eLiposomes will be discussed.

The main advantage of eLiposomes over other liposomes is the fact that they
are more sensitive to US, and hence release can be induced using low intensity waves
[36, 38]. Liposomes are not inherently sensitive to acoustic waves [40]. However, when
air bubbles are present in the vicinity, release can occur. This is due to the fact that these
bubbles are affected by US-induced cavitation (Section 4.2.2), which leads to the
induction of a massive force that causes the liposomes to shear open and release their
content. This discovery inspired research on acoustically sensitive liposomes.
Additionally, eLiposomes are smaller in size than normal microbubbles which is an
advantage when considering leakage (via the EPR effect) in the vascular network of
tumors [35]. Their size, also, makes them suitable for ligand-stimulated uptake into
cells through endocytosis [37].

In the first attempts to use US to trigger the release from liposomes, the
microbubbles, considered as US contrast agents, were introduced in the solution with
the liposomes. However, in order to trigger their release, the bubbles had to be of a
certain size and composition. It was challenging to deliver them to the targeted site with
the liposomes, as they were bigger in size and easily eliminated by the pulmonary
pressure, which introduced various constraints when the system reached the clinical
phase [41]. As a solution to this problem, it was then suggested to introduce
nanoemulsions into the liposomal structure, to make them more echogenic [37]. Those
nanoemulsions are usually made of perfluorocarbons (inert), the two most common
being perfluorohexane (PFCe) and perfluoropentane (PFCs), both possessing low vapor
pressures [35, 37]. The main advantage of these perfluorocarbons is their non-toxic

nature (they are currently being investigated as blood substitutes) and their stability in
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aqueous solutions. They also have relatively low vapor pressures, which makes them
sensitive to the pressure waves induced by the acoustic field [36, 38].

Vapor can be compressed by increasing the external pressure, which forces its
atoms to come close together. However, if the external pressure is reduced, the vapor
will expand to regain its normal atomic spacing. The emulsions are designed to contain
the perfluorocarbon under a certain pressure level at a certain temperature in the form
of a liquid. When the external pressure is forced below the vapor pressure, the emulsion
will expand and the perfluorocarbon will change from liquid to gas, and since the
emulsions are loaded inside the liposomes, they will in turn expand. This expansion
leads to the formation of pores in the membrane of the liposomes (which are capable of
bursting the liposome open), which causes the release of the drug [39] (Figure 4). The
size of the nanoemulsions has been described to be as small as 30 nm [37] and as large
as 500 nm [38]. As mentioned above, when the US is in the rarefaction phase (low
pressure cycle), the pressure will be below the vaporization pressure of the
perfluorocarbon, forcing it to vaporize, leading to the expansion or even the complete
destruction of some nanoemulsions. Hence, eLiposomes are considered useful carriers
when US is used as a trigger. Several research studies showed that, when using US as
a trigger, drug release from eLiposomes increases, when compared with the release

from “normal” liposomes [35, 36, 38].

Nano-emulsion
droplets

Encapsulated
Drug

Before Sonication After Sonication

Figure 4. Ultrasound-triggered release from eLiposomes. Ultrasound affects the encapsulated
nanoemulsions causing them to expand during the low pressure cycle, leading to the expansion and
eventually the disruption of the liposomal lipid bilayer.
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CHAPTER 3: Triggering Techniques

So far, this review focused mainly on the first part of the drug delivery system,
I.e., the carrier. Although this is a crucial part of the system, stimuli or techniques
controlling the release of the therapeutic agents from the carriers are equally important.
This form of targeting is referred to as triggered targeting. The objective of a DDS is to
deliver the drug to the desired location in the body and to control the release of its
content, thus minimizing the side effects of the drug. This section focuses on the
different techniques used to trigger the release from the nanocarriers, and in particular
from liposomes. Summarized in Figure 5, there are two types of triggering means:
internal triggers including the pH level, temperature, and time, and external triggers
including light, electromagnetic waves, magnetic fields and US [42]. Since US is the
main focus of this review, section 4 will be dedicated to the discussion of this triggering
technique. It is important to note that some external triggers either directly affect the
carriers or are used to induce an internal trigger. For example, electromagnetic waves
can be used to directly trigger release or they can be used to heat up the area and cause

release through a temperature increase (an internal trigger) [43].

© ¢
o (()) P | Passive Targeting
\L Conventional release
Triggered release
@ o I
o\ OO Active Targeting : :
O Y Internal Triggers External Triggers
Temperature Temperature
pH Light

Redox Ultrasound
Enzymes Magnetic Fields

Figure 5. The two major triggering techniques. Internal triggers and external triggers are used to control
drug release from different liposomal carriers modified to be sensitive to a specific trigger.
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Triggering is defined as the method by which the release of drug is controlled,
and it includes the period of release, the amount to be released and the location of the
release. An efficient DDS can be obtained by targeting the carriers, and encapsulating
a chemotherapeutic agent, until it reaches the cancer cells, followed by its triggered
release at the desired site, thus increasing the efficacy of the treatment [42]. Each
triggering technique is used along with a specific type of carrier that is designed to
respond to it. For example, magnetoliposomes are easily triggered by magnetic fields
because their chemical composition includes active agents that are sensitive to these
external fields, namely super-paramagnetic elements including iron [44]. Similarly,
other types of nanocarriers have specific agents in their chemical composition that make

them sensitive to certain triggering signals [37].
3.1. Triggering methods

3.1.1. Temperature-triggered release — thermosensitive liposomes

This type of trigger is the most widely used to release drugs encapsulated in
liposomes, and it has been extensively reviewed in the last few years [45-49]. Since
most triggering techniques revolve around the concept of thermal release, extensive
research has been directed towards developing liposomes that are thermally sensitive.
Liposomes are made of lipids that have a thermal threshold above which they start to
melt. This causes the surface of the liposomes to become porous, allowing the
encapsulated drug to be released. Nonetheless, not all liposomes behave in this manner.
Thermally-triggered liposomes have a defined chemical composition that makes them
vulnerable to temperature; hence they are termed “temperature sensitive liposomes”
(TSLs) or “thermosensitive liposomes” [49-54]. As the name suggests, TSLs are
sensitive to an increase in the local temperature, a process known as hyperthermia,
which can be induced via external triggering techniques including US, magnetic fields,
microwaves or infrared light [54-57]. If the temperature increase is adequate, so that
the temperature reached is higher than the thermal point of the liposomes, it will cause
release of the drug within the target at the desired location, hence the side effects due
to the toxicity of the chemotherapeutic agent are decreased. Usually, the designed TSLs
have a thermal point in the range of 39-43° C depending on the type of lipids used in
the synthesis [49, 58]. This temperature range is higher than the temperature of the
human body (37° C on average), which makes TSLs desirable drug carriers, since they
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are perfectly stable in the body and will not release their contents unless mild
hyperthermia is induced.

TSLs were first reported in 1978 by Yatvin et al. [59] and tested in an in vitro
model. The original formulation contained 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (DSPC).
However, with this formulation, release was not specific and occurred everywhere the
temperature of the tissues exceeded a certain threshold. Hence further research was
done to design thermosensitive targeted liposomes, (TSLs) that circulate in the body,
and are aimed towards a targeted destination. To accomplish this, liposomes were first
stabilized by adding extra saturated fats and cholesterol to their composition [60]. Also,
to increase their circulation time in the body, hydrophilic polymers or glycolipids, such
as PEG or monosialoganglioside Gmz1, were added to the composition, yielding stealth
TSLs [61]. These hydrophilic polymers act as a shield against blood plasma and
macrophages, avoiding elimination processes including phagocytosis and endocytosis,
hence increasing the circulation time of the carrier in the blood stream. By adding these
two extra components, functional triggered TSL liposomes were produced. Further
improvements were achieved with the incorporation of lysolipids and temperature-
sensitive polymers. Actually, the first TSLs that had the potential to be used in clinics
were described in 2000 by Needham and co-workers [62], and were composed of DPPC
and DSPE-PEG2000, modified with lyso-phosphatidylcholine (lyso-PC).

Thermosensitive liposomes may be divided into three broad groups: traditional
TSL (TTSL), lysolipid TSL (LTSL) and polymer-modified TSL (PTSL) [49].

TTSLs make use of the fact that all lipids have a transition temperature, hence
the liposomal lipid bilayer undergoes phase transitions according to the temperature, as
described in Section 2.2. Liposomes can be designed to melt at a certain temperature,
by carefully planning their formulation [8]. However, it is possible to modify the
membrane of the liposomes to make them more sensitive to temperature by adding
different molecules to their formulation such as in the case of LTSL which contains
lysolipid-modified membranes. Lysolipids are lipids that contain only one, not two,
hydrocarbon chains, which makes them more prone to form highly curved micelles
resulting in stabilized defects in the membrane when the Tr, is approached [49]. One

example of a lysolipid is 1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine
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(MPPC), which has been combined with DPPC to create liposomes used in in vitro and
in vivo studies showing promising results [49].

On the other hand, PTSLs are liposomes with a formulation that includes natural
or synthetic thermosensitive polymers [63, 64]. These polymers have a specific lower
critical solution temperature (LCST), above which the polymer changes phases,
transitioning from hydrophilic to hydrophobic [8, 49, 58]. When liposomes coated with
these polymers are subjected to temperatures above the LCST, the phase change of the
polymer chains makes them contract, destabilizing the liposomal lipid bilayer, and
making these regions leaky, thus causing the release of the liposomal drug load [63,
64]. There are several groups of polymers, based on the chemistry of their groups, but
the most widely studied is poly(N-isopropylacrylamide) (poly(NIPAM)), which has a
temperature threshold of 32° C [65]. Poloxamers such as Pluronic®, well known in the
field of polymeric micelles, have also been used as temperature sensitizers in
liposomes.

The first studies using poly(NIPAM) and derivatives [66-68] demonstrated that
it was possible to anchor these polymers to the surface of liposomes, enhancing their
thermosensitivity. The combination of poly(NIPAM) with different co-monomers
changes its basic LCST, e.g., the transition temperature of the copolymer of N-
isopropylacrylamide and octadecylamine (poly(NIPAM-co-ODA)) is 29°C, while that
of the copolymer of N-isopropylacrylamide, acrylic acid and octadecylamine
(poly(NIPAM-co-AA-co-ODA)) was determined to be 37°C [69]. These studies also
revealed that the sensitivity to temperature was highly dependent on the liposomal
composition, since liposomes with PC showed low release, while when the
temperature-sensitive DPPC was incorporated into the liposomes, the release
significantly increased [66]. Further studies showed that the release could be further
improved when 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) was used
[68, 69]. The main advantage of DOPE carriers is their unique hexagonal 11 shape in
physiological conditions, forming inverted micelles instead of stable bilayers. This
destabilizing effect can be balanced by combining them with temperature-sensitive
polymers, creating stable TSLs when the temperature is below the LCST of the
polymers. Above the LCST, the polymer chains collapse and release from these TSLs
can be triggered prematurely [63]. In any case, liposomes conjugated with these

polymers are TSLs with an LCST below the physiological temperature of the human
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body, preventing their clinical use as drug carriers [49, 63]. For in vivo drug delivery,
the liposomes must show release at temperatures slightly higher than the physiological
temperature. Kono et al. [64] used a combination of poly(NIPAM) with
poly(acryloylpyrrolidine) (poly(APr)), a polymer with a LCST around 50° C, to
produce a polymer with a LCST of ~40°C. Calcein-containing DOPE-liposomes,
stabilized by the above mentioned copolymers, were then tested for temperature-
triggered release. The results confirmed the sensitivity of the liposomes to changes in
the temperature, mainly due to the structural change that the copolymers undergo,
which causes the membrane to be leaky and allow for the release of the loaded drug.
Release was measured using the fluorescence emission over time technique, at
temperatures lower and higher than the copolymers’ LCST. Almost no release was
observed at temperatures below the LCST, but as the temperature reached and exceeded
the LCST, significant release was measured. Additionally the authors reported that the
bio-distribution of these liposomes could be potentially controlled by the presence of
the copolymers [64, 67]. In fact, above the LCST, liposomes covered with the
copolymer tend to aggregate, since their surface becomes hydrophobic. If present
below the LCST, however, the polymer grafts will act similar to PEG, reducing the
interaction between the liposome and blood proteins, which can increase their
circulation time.

Simultaneously, Nishita and co-workers [70] reported a study using TSL
containing cisplatin, triggered with localized hyperthermia, used to treat murine tumors.
The results showed that cisplatin was more effective when combined with TSL
possessing a LCST of approximately 42°C. It was observed that the cisplatin effect was
enhanced by temperature, as the concentration inside the tumor, within 30 minutes of
administration, was 3.4 times higher than when normal liposomes were used. Also,
heating the tumor site resulted in an increased retention of the drug which in turn
enhanced its effect. This study highlighted the importance of this type of liposomes and
encouraged further research in this field.

Later, Paasonen and co-workers [71] used poly(N-(2-
hydroxypropyl)methacrylamide mono/dilactate) (pHPMA mono/dilactate) polymer,
with a LCST of 42°C and studied the effect of its incorporation on TSLs loaded with
the fluorescent model drug calcein. Liposomes coated with the polymer showed

enhanced calcein release at 43°C, when compared with the non-coated ones. This
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enhanced release could be possibly attributed to the precipitation of the polymer, which
leads to the liposome aggregation, with subsequent destabilization of the bilayer.

A very important factor to consider when using TSLs is the choice of the proper
triggering techniques capable of causing an increase in the surrounding temperature,
thus causing the drug release from these nanocarriers. As mentioned earlier, there are
internal and external triggering techniques that can be used to induce release from
liposomes. Until now, the TSLs that have been described in this section were designed
to tolerate physiological temperatures until they arrived at the tumor site and released
their contents. Nonetheless, this presents a challenge because the difference in
temperature between the tumor sites and the rest of the human body may not be
significantly different. Thus the idea of externally triggering the release from TSLs
was considered as a possible solution to this problem. This was done by designing TSLs
with thermal thresholds higher than the body temperature, usually in the range of 39 -
45 °C [46].

One of the first external heating means used in research were microwaves:
electromagnetic waves with a frequency range of 0.3 to 300 GHz, with relatively short
wavelengths [72]. Microwaves are capable of heating by interacting with particles,
especially in dielectric material, causing energy absorption and subsequent conversion
to thermal energy. In fact, the thermal energy is converted from a mechanical-electrical
interaction between the fast alternating electric field created by the microwave, and the
rotation of the dipole of the atom. This energy conversion is referred to as dielectric
heating [73]. The frequencies dedicated to achieving local heating using microwaves
are 915 MHz, for industrial use, and 2.45 GHz for domestic use [74]. At these
frequencies, liquids, especially water, undergo extensive dielectric heating. This
concept forms the basis of the function of the microwave ovens used nowadays, and
easily explains why dry food is hardly heated by microwaves, while the heating of wet
food is easily achieved. The same concept can be used to trigger the release of agents
from TSLs by locally heating the tumor region using externally applied microwaves
[75]. Heating the human body with microwaves is easily achievable since the body
mostly consists of water. The TSLs accumulate at the tumor site through the EPR effect
or by active targeting and then the temperature can be raised using focused microwaves,
which leads to localized release. Nonetheless, microwaves penetration is constrained

by skin depth, which is defined as the distance that the microwave can penetrate in the
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body until all its energy is absorbed and converted into heat. The skin depth & is

approximated by equation (2) [76, 77]:

6 =sqrt (2;”) = sqrt( p ) = sqrt (;) (1)
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where p is the resistivity of the conductor, o is the conductance of the conductor (p=
1/0), @ is the angular frequency of the field (= 2n x frequency), u, is the
relative magnetic permeability of object, and p, is the permeability of free space [72].

As seen in the above equation, & is inversely proportional to the frequency of
the microwave; hence, the higher the frequency, the more superficial the heating. On
the other hand, & is directly proportional to the resistivity of the subjected body, but
inversely proportional to its magnetic permeability (equal to the permeability of the free
space). Since the resistivity of the human body is low, the penetration is somewhat
constrained. Furthermore, since the body is mostly composed of water, it will heat up
quickly from the outside to the inside. Consequently, if the targeted tumor site is deep
in the body, the skin will overheat when attempting to achieve the required triggering
temperature. This presents a challenge when it comes to treating a deep internal tumor,
yet it is very effective with surface cancers such as skin cancer. In fact, microwaves are
used alongside radiotherapy to induce whole-body hyperthermia that can assist in the
elimination of skin cancer or superficial tumors [75].

Another method that can be used to generate local heating is referred to as an
infrared sauna [78]. Similar to microwaves, infrared signals are waves that carry energy
that can be absorbed by the body and converted into heat. However, although infrared
is a safer option compared to microwaves, it has limited applications. As the name sauna
suggests, the waves cannot be localized, hence providing an overall heating of the body.
Otherwise, infrared saunas are just normal saunas with a more sophisticated heating
system than the classic charcoal or electric heaters. Recently, far-infrared saunas were
developed [78]. The main advantage of this type of sauna is that it does not heat up the
air in the room, but still heats up the body. This feature is appreciated by patients who
cannot tolerate normal saunas especially since the treatment requires long exposure
times. Similar to microwaves, this method can induce hyperthermia that can lead to a
controlled release from TSL. Although these saunas are a safe option and can be used

for the treatment of superficial tumors, the disadvantage of having longer sessions
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compared to microwave sessions makes them one of the last resources by which
temperature-controlled release can be achieved.

Other techniques that use alternating magnetic fields (AMF) or light signals can
also be used to induce an elevated temperature at the tumor site; however, each
technique needs a specially modified liposome that is sensitive to the specific
triggering. The use of magnetic fields to produce local heating at tumor sites was first
introduced in Europe in 1957 by Gilchrist and co-workers [79], who suggested the use
of magnetic sensitive materials that can be activated using AMF and produce heat. The
idea was then developed and applied to cancer treatment, with magnetic fields being
used to heat the tumor cells and cause hyperthermia, usually in the range of 42-45 °C,
thus causing their death [48, Thiesen, 2008 #621]. Magnetic nanomaterials used for
hyperthermia are very diverse, and several have been described, from the well-studied
iron oxide-based to metallic nanomaterials based on Mn, Fe, Co, Ni, Zn, Mg and their
oxides [48]. When TSLs were introduced, magnetic fields were considered a method
by which local heating could be achieved from an external source, thus achieving
controlled release. The practice was to introduce targeted TSL that contain the
therapeutic agents through normal means such as injections or tablets. On the other
hand, the ferromagnetic elements had to be delivered with the highest accuracy
possible. Unfortunately, this proved rather challenging. In fact, if such accurate delivery
was possible, then why not use this delivery technique to deliver the active therapeutic
agent directly? Therefore, the idea was abandoned. Additionally, although this
technique outperforms the other techniques in terms of safety, it is not the preferred
technique and is extremely challenging. Later, with the introduction of magnetic-
sensitive liposomes, called magnetoliposomes, the use of magnetic fields as an external
thermal triggering technique was further researched [44, 80-82] (discussed in Section
3.1.5).

3.1.2. Enzyme-triggered release

The main goal of a DDS that utilizes liposomes as the carrier is to break down
the lipid bilayer, thus allowing the encapsulated drug to escape into the tissue or even
penetrate directly into the cell cytosol. As described, the liposomes are designed to be
stable and robust yet sensitive to a certain stimulus that allows for the controlled release

of their contents. Hence, it is wise to look at the environment in which the liposomes
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are introduced and exploit every possible factor that can be used as a trigger. Some of
the most important factors that have been investigated are the enzyme concentrations
and pH levels [83].

It is critical to keep in mind that the cellular environment is dynamic and may
change if affected by cancer. This can be used as an advantage in case the tumor site
environment shows, when compared to healthy body tissues, an elevated level of one
of the factors that can be used as a target. For instance, the activity of certain enzymes
may be increased solely at the tumor site, so liposomes can be designed to target the
site, where drug release can be triggered using those enzymes. This enzyme-triggered
release is an internal triggering technique in which the liposomes are programmed to
search for the location with elevated enzyme activities and accumulate at that location.
Liposomes sensitive to enzymes are called bio-responsive, since they are chemically
modified to be affected by a biological trigger. Additionally, they are programmed to
initiate release when the enzyme level is above a certain threshold. For this purpose,
the enzymes of interest are those that can disturb the liposomal surface and induce
release. Usually lipases are used to hydrolyze the phospholipids that compose the
liposomes, but cancer-associated proteases can also be used, when the liposomes have
stabilizing polymers attached via peptide bonds [84]. Phospholipases are enzymes that
catalyze the hydrolysis of phospholipids. Several studies were performed to prove the
possibility of designing a successful DDS that is based on liposomes as carriers and
phospholipase activity as the trigger (reviewed in [85]). The works of Luk et al. [86]
and Nieva et al. [87] showed that phospholipase C induces the aggregation and fusion
of liposomes. However, it was observed that this enzyme activity is not high in tumors.
Phospholipase A2 (PLAZ2), on the other hand, is upregulated in infectious and
inflammatory diseases and high concentrations of this enzyme have been found in
tumors [88, 89]. PLA2 enzymes catalyze the hydrolysis of aggregated lipids, but not
the hydrolysis of single lipid molecules, hence they are a perfect choice for an enzyme
triggered release from liposomes. Additionally, it was observed that the lysolipids and
fatty acids that form during the reaction catalyzed by PLA2 act as permeability
enhancers, hence increasing drug transport across the biological membranes [90-92].

PLA2 enzymes are sensitive to surface charge, hence liposomes can be made
more sensitive to their action by modifying their surface with lipopolymers, creating

what are called LiPlasomes [85]. LiPlasomes are liposomes designed to be susceptible
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to hydrolysis by PLA2 enzymes, which are composed of uncharged DSPC, anionic
DSPG (1,2-distearoyl-sn-glycero-3-phosphatidylglycerol), and the lipopolymer DSPE-
PEG2000 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-poly(ethylene
glycol)-2000) [85]. This is a good example of enzyme triggered release as the in vitro
and in vivo results suggested the feasibility of using such carriers along with chemically
modified prodrugs to achieve successful rates of cancer treatment [93, 94].
Unfortunately, the results obtained with cisplatin-LiPlasomes in a phase 1 clinical trial,
showed no significant differences between the treatment with the free drug and the
encapsulated drug [95]. However, this approach is promising and further developments
of the formulation are being pursued.

Meers and co-workers [96] reported another enzyme activity that can be used
as a trigger, having an enhanced fusogenicity when close to cancer cells. Elastases are
proteases that catalyze the hydrolysis of elastin, a fiber present in connective tissue.
They have specificity for uncharged amino acids, e.g. alanine and valine [97].
Additionally, it is known that cancer, as well as inflammations, are associated with an
increase in this enzyme [98]. Hence, liposomes were designed with a targeting moiety
composed of small peptides that are sensitive to the action of elastase [96]. These
liposomes contain DOPE, which is not stable at the physiological temperature, neutral
pH and average salt concentration. However, since DOPE is zwitterionic under these
conditions, when attached to peptide chains, it becomes negatively charged, which
increases its stability, making it possible to synthesize stable liposomes that can
circulate in the body. When these liposomes reach the vicinity of the tumor site, the
peptides are hydrolyzed by elastase, allowing DOPE to return to its zwitterionic form.
Additionally, these liposomes are designed to contain trace amounts of positively
charged lipids. Hence, upon enzymatic cleavage the liposome becomes positively
charged. The charge reversal assists in the process of liposomal binding to cell
membranes, since most cells are negatively charged. This is the first step that leads to
the fusion of the liposomes and the targeted cells, and can occur before or after
endocytosis [96]. A similar strategy was described by Davis and Szoka [99] who
created alkaline phosphatase-sensitive liposomes, with a release mechanism similar to
the one described in [96].

Another successful bio-responsive DDS is exemplified by estrogen-modified

liposomes that target prostatic carcinomatous tissues, where the concentration of
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phosphatase is higher than in normal tissues. The liposomes modified and treated with
stilboestrol diphosphate, a phosphorylated synthetic estrogen, are targeted towards the
prostatic tumor. Once there, the phosphatase can interact with stilboestrol diphosphate
causing the liposomal membrane to be sheared and the contents to be released [8].

A different, but also an interesting approach, consists of using phospholipid
building blocks in liposomal formulation as a prodrug. The prodrugs released after the
degradation of the phospholipids are activated at the tumor site by overexpressed
enzymes [93]. For example, it is possible to design prodrugs similar to lipids that can
form liposomes, and use lipases to trigger their release at the target site [85].

From what has been described thus far, it is clear how important it is to exploit
the cancer region in a search for the best triggering technique to be used, as well as the
chemical formulation of the liposomes, which makes them sensitive to a certain trigger.
The importance of the chemical formula was emphasized recently, in a review paper by
de la Rica and co-workers [84]. Another factor that has been extensively studied when

exploiting the tumor environment is the pH level, which is reviewed next.
3.1.3. pH-Triggered release

As discussed in the previous section, liposomes synthesized using DOPE linked
to a peptide chain can be activated by the catalytic action of specific enzymes, namely
elastase [96]. A version of these liposomes which contained pH-dependent cationic
lipids was designed to be more sensitive to elastase. After elastase activation and the
fusion of the liposomes with the cells, the low pH of the endosomes allowed the
destabilization of the liposomes causing the subsequent release of the liposomal
contents. This is an example of pH-triggered release from pH-sensitive liposomes
(reviewed in [100-103], first described by the group of Yatvin [104]. pH-sensitive
liposomes are stable at physiological pH but, under acidic conditions, they become
destabilized and have fusogenic properties, which causes the release of the encapsulated
molecules [102]. As for the triggering mechanism, the pH change can be either caused
by a lower pH level in the environment close to the tumor, or possibly by the help of
enzymes, as described in the fusogenic liposome work presented by Meers [96].

It has been observed that the pH level around tumor sites is usually more acidic,
around 6.5, than in healthy tissues with an extracellular pH in the vicinity of 7.4 [83].

Hence, pH-triggered liposomes could be designed to release their contents once they

35



reach the tumor site. However, the most acidic sites in the tumor are often distant from
its microvasculature, and hence, are reached with difficulty by liposomes.
Consequently, the triggering of liposomes was redesigned to occur after endocytosis
[105], inside endosomal vesicles, where the pH is usually lower than 5. This prevents
the liposomes from getting into the lysosomal phase, where the biological activity of
the drug can be decreased or lost by the action of hydrolases and peptidases [100, 101,
103, 106]. Furthermore, several reports indicate that in these liposomes, the
encapsulated drugs are efficiently transferred from the endosomes to the cytoplasm of
the target cell [107, 108]. Several mechanisms may be involved in this intracellular
transfer: pH-induced fusion of the liposome and endosome membranes, with direct
release into the cytosol; destabilization of endosomal membranes caused by the
destabilization of the liposomal membranes, and drug leakage into the cytosol;
destabilization of the liposome and release inside the endosome, followed by diffusion
or translocation of the molecules to the cytosol [100].

Essentially, there are four classes of pH-sensitive liposomes, in accordance with
the mechanism which utilizes pH as a trigger [100-103].

The first class makes wuse of polymorphic lipids such as
phosphatidylethanolamine (PE) and derivatives (e.g., DOPE), in combination with
amphiphilic compounds that contain one acidic group, forming stabilized liposomes at
neutral pH [28]. This class of liposomes and the pH-triggering mechanism has been
extensively reviewed (see, for example, Karanth, 2007 #495; Simoes, 2004 #489}.
Unlike most phospholipids, PE has a cone shape, due to its small headgroup, which is
poorly hydrated [109], and tends to adopt a hexagonal form. At neutral pH, the
stabilizing amphiphilic compound is negatively charged and it increases hydration,
which stabilizes the lipid in the lamellar form, preventing aggregation and fusion. At
acidic pH, however, the amphiphile is protonated, hydration decreases and the PE
reverts to the hexagonal phase, thus promoting fusion [110]. However, these are the
least efficient pH-sensitive liposomes as they are rapidly cleared and easily destabilized
by serum proteins. This is because, to make liposomes more stable so they can circulate
for longer periods, modifications, such as the inclusion of cholesterol and PEG or its
derivatives (which, as discussed in the previous section, has the ability to circumvent

the stability issue of these liposomes), has to be added to the PE lipids. Nonetheless,
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these modifications also make those liposomes less sensitive to pH changes; hence there
is a tradeoff between stability and pH-sensitivity [111, 112].

The second class of pH-sensitive liposomes, named “caged” liposomes are
formed from lipid derivatives that are chemically engineered to have pH-sensitive
chemical bonds that are altered when the liposomes are subjected to an acidic
environment. This leads to the destabilization of the liposomal membrane, which in turn
leads to an increased permeability of the encapsulated molecules as well as increased
fusogenicity [100, 101]. This class of liposomes is helpful when the fusion process
occurs between the liposomes and the endosomes or lysosomes, as the pH inside these
vesicles is low, thus causing the lipid derivatives to change form, which in turn allows
the release of the drug. This class of pH-sensitive liposomes makes use of lipids such
as N-acylated aminophospholipid derivatives, plasmalogens, and others, as recently
reviewed by Ferreira et al. [101]. Compared to the previously described class of
liposomes, these nanoparticles displayed higher levels of pH sensitivity in the presence
of serum protein [113].

The third class of pH-sensitive liposomes follows the same triggering process
described for the previous class, but uses peptides that are sensitive to acidic
environments, or reconstituted fusion proteins, which are added to the liposomal
composition, and are capable of destabilizing the membrane at low pHs [114]. These
liposomes were developed based on the fact that viruses enter the host cells by binding
to receptors overexpressed on their surface, followed by direct fusion with the
membrane (endocytosis). The binding step is mediated by viral glycoproteins, and these
were used as a first attempt to create modified liposomes called virosomes, in 1975
[115]. Afterwards, several synthetic peptides have been designed to interact with the
liposomal bilayer in a pH-dependent way (reviewed by [100]), to create pH-sensitive
liposomes.

The fourth and most developed class in this field incorporates pH-titratable
polymers, which are susceptible to conformational changes at low pHSs, into the
liposomal composition, as reviewed by Felber and co-workers [116]. These polymers
include the previously mentioned temperature-sensitive poly(NIPAM), poly(alkyl
acrylic acid)s, modified poly(glycidol)s, polyphosphazenes and poly(malic acid)s.
When thermosensitive liposomes were developed, it was observed that the combination

of poly(NIPAM) with titratable monomers in liposomal systems increased the LCST
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above 37°C, as described in Section 3.1.1. Simultaneously, it was observed that the
liposomes also became pH-sensitive [117, 118]. Acrylic acid, methacrylic acid,
propylacrylic acid, and N-glycidylacrylamide are some of these titratable monomers.
At the neutral pH of blood, the carboxylic groups are ionized and the polymer exhibits
an extended conformation. Inside endosomes, however, the acidic pH leads to the
protonation of the carboxylic groups, which reduces the copolymer solubility, allowing
the hydrophobic interaction with the liposome bilayer, and its consequent
destabilization, which makes the liposome leaky [116]. Including PEG in the
formulation increases liposome stability, as mentioned previously, but PEG usually
decreases the fusogenicity and pH-sensitivity of the liposomes [103]. However, Leroux
and colleagues [119] described the synthesis of serum-stable pH-sensitive liposomes,
by inserting a modified NIPAM/methacrylic acid copolymer ((poly(NIPAM-co-
MAA)) in the lipid bilayer of PEG-stabilized liposomes. The enhanced release of
fluorescent markers or Dox from PC and PC/cholesterol liposomes at 37° C in acidic
conditions similar to those found in vivo suggested the possibility of creating pH-
sensitive liposomes using those copolymers, which can withstand human body
conditions and successfully deliver the drugs to the tumor cells [100, 103].
Interestingly, it has also been observed that the inclusion of PEG on the liposome
surface did not affect the contents release in an acidic environment indicating that these
pH-sensitive liposomes can be stable in blood circulation. Unfortunately, there are not
enough in vivo studies using these liposomes to allow for the prediction of their possible
clinical uses [116].

Recently, a new type of pH-sensitive liposomes, called fliposomes, has been
described [120-124]. These contain  amphiphiles such as trans-2-
morpholinocyclohexanol that undergo a pH-triggered flip, which disrupts the liposomal
membrane allowing the release of the encapsulated molecules. The proposed
mechanism involves a protonation-induced conformational change, and was described
by Liu et al. [121]. These liposomes are highly stable in serum and, in weakly acidic
medium, exhibit quick release [120, 123, 124].

In summary, pH-sensitive liposomes are liposomes that are chemically
modified, either through the addition of PE agents, pH-sensitive lipids or peptides, or
the attachment of titratable polymers, so that they become responsive to a change in

pH, which makes their membrane leaky and/or increases fusogenicity, allowing for
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drug release. Additional information on the different classes of pH sensitive liposomes
and the advantages and disadvantages of each can be found in the review by Drummond
et al. [100].

pH-sensitive liposomes have been used in in vitro and in vivo studies. For
example, the groups of Mamasheva et al. and Shi et. al. [113, 125] described the use of
pH-sensitive liposomes with a folate moiety to target cancer cells in vitro. Several other
in vitro studies have been extensively reviewed [100, 101, 103, 116]. In vivo studies
using this type of liposomes are rare, however [101, 116]. Carvalho-Junior et al. [126]
compared the efficiency of cisplatin administered in free form or encapsulated in stealth
pH-sensitive liposomes, for the treatment of solid Ehrlich tumors in a mice model.
Cisplatin is very cytotoxic, hence it causes several unwanted side effects. The authors
observed a longer circulation of ciplastin in its encapsulated form, which led to a higher
concentration of the drug in tumor tissue. Additionally, the retention of cisplatin by
renal tissue was lower when using the encapsulated drug, which supports a promising
role for pH-sensitive liposomes in the alleviation of the nephrotoxicity caused by
cisplatin [126, 127]. Another study by the same group [128] confirmed that the use of
these liposomes allows them to be used with higher doses of cisplatin, which leads to a
significant decrease of the tumor volume, and increase of the tumor growth inhibition,
without increasing the side effects, (when compared to non-pH sensitive liposomes and
free cisplatin).

Paliwal et al. [129] synthesized pH-sensitive liposomes with an estrogen moiety
for targeted delivery of Dox to estrogen-sensitive cancer cells (e.g., MCF-7). Their in
vivo studies using female Balb/c mice showed an increased efficiency of these
liposomes in the inhibition of tumor growth, when compared to non-pH sensitive
liposomes and free Dox. Additionally, the use of these liposomes significantly reduced
the cardiotoxicity of Dox, a well-known side effect of this drug.

The group of Ishida [130, 131] studied several different Dox-encapsulating pH-
sensitive liposome formulations against human B cell lymphoma using mice
xenografted with Namalwa cells. The non-targeted formulations showed no increased
efficacy when compared to free Dox, but mice treated with targeted anti-CD19 (a B-
lymphocyte antigen) formulations had an increased lifespan. The lifespan was slightly
higher (1.5-fold) for mice treated with the targeted pH-sensitive liposomes when

compared those treated with to the targeted regular liposomes. This modest result is in
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contrast with in vitro assays obtained by the same group, and was considered to be due

to the fast clearance of the liposomes in the blood.

3.1.4. Light-triggered release

Light usually refers to the part of the electromagnetic radiation spectrum that
can be detected by the human eye. It comprises waves with wavelengths of 400 nm
(violet light) to 700 nm (red light). Immediately adjacent to the visible light spectrum
is ultraviolet (UV) light (100-400 nm) and near infrared (IR) light (650-1000 nm),
which are usually also considered forms of light. Since light is a wave, it contains
energy that can be converted to other forms of energy. Light presents several advantages
that renders it as one important trigger for drug release: pulse duration, intensity, cycle
and wavelength can be controlled, the beam can be focused at the targeted location, and
a variety of tissues can be irradiated easily and without the need for surgical procedures
[132]. Nonetheless, just like with any other type of trigger, the nanocarriers to be used
must be modified to become sensitive to the triggering means. The principle(s) of
phototriggering include light-induced isomerization or polymerization of photoreactive
lipids and photosensitization by membrane anchored hydrophobic probes [133, 134].
In the early 1990s, scientists took an interest in developing liposomes that were
sensitive to light and there was a breakthrough when they succeeded in creating what
is currently known as photosensitive liposomes. Anderson and co-workers [135] were
able to chemically modify the liposomal structure to include light sensitive lipids that
change form when subjected to light. They were able to achieve a photoactivated drug
release, by creating a liposomal formulation with the right concentrations of
plasmalogen (1-alk-1'-enyl-2-acyl-sn-glycero-3-phosphocholine) lipids and zinc
phtalocyanine (ZnPc), a photosensitizer. The mechanism involved the sensitized
photooxidation of the vinyl ether linkage of the plasmalogen, followed by its cleavage,
which changed the membrane permeability.

However, there are several biological constraints associated with photoactivated
release such as biocompatibility, plasma instability, and near infrared sensitivity [136].
In 1996, a paper on triggerable plasmalogen liposomes was published to introduce a
newly developed light-sensitive type of liposome that was able to avoid the side effects
associated with the earlier photoactive drug release processes [136]. The authors

synthesized plasmenylcholine liposomes that were sensitive to light with wavelength
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in the spectrum band of 630 to 820 nm. This range was chosen due to the availability
of sensitizers absorbing in this range, the fact that light in this range has a penetration
depth of more than 0.8 cm for any tissue, the stability of the liposomes that can be
preserved until they reach the targeted location, and the light sources in this band that
were available. As in the previous work [135], a light sensitizer was added to the
liposome formulation, to make it photosensitive. In this work, the authors used three
type of sensitizers: the previously used ZnPc, tin octabutoxyphthalocyanine dichloride
(SnClI2Pc(OBu)g), and bacteriochlorophyll a (BChla). The effect of these compounds
on the release kinetics was monitored, and the authors concluded that the increased
release upon irradiation is due to the photooxidative cleavage of the plasmenylcholine
vinyl ether bond which is close to the hydrophilic interfacial region. This event is
responsible for liposome aggregation and membrane fusion, leading to the release of
their payload of drug.

In 1999, Bisby and co-workers [137] reported the synthesis of a new type of
light-triggered liposomes. In this work, the authors used a sensitizer called Bis-Azo PC,
which is a synthetic phospholipid with acyl chains containing azobenzene moieties.
When these lipid molecules were subjected to pulsed UV light, their form changed from
the stable E-isomer, sterically compatible with a packed stable lipid bilayer, to the more
bulky Z-isomer, which created pores in the membrane, allowing the leakage of the
encapsulated drug. Later, the authors also reported that the addition of cholesterol to
the composition increased the sensitivity of the liposomes, making it possible to use
visible light for their photosensitization [138]. These results suggested the possibility
of controlling the release rate through the wavelength-dependent release from
cholesterol and non-cholesterol liposomes, by sequential exposure to visible and UV
light. In a photo-triggered release, the composition of the liposomes is critical to their
efficiency of response to the photo triggering process. This importance was highlighted
in the work of Yavlovich et al. [139], which described the synthesis of photosensitive
liposomes with a photopolymerizable diacetylene phospholipid (DCgoPC) (1,2- bis
(tricosa-10,12-diynoyl)-sn-glycero-3-phosphocholine). Upon exposure to UV light
(254 nm) release of calcein could be observed from DPPC/ DCg9PC liposomes, but not
from egg PC/ DCgoPC. The release was due to the UV-induced photopolymerization
of the DCgoPC. Later, the same authors [134] were the first to report the in vitro killing

of cancer cell cultures, following light-triggered release of Dox from these
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photosensitive liposomes. The liposomes contained different concentrations of DPPC,
DSPE-PEG2000, egg PC, and DCgoPC, and were subjected to UV (254 nm) or visible
light (laser, 514 nm). It was successfully documented how differently composed
liposomes have different release rates. This discovery ignited an interest in designing
liposomes that can be completely controlled in terms of release rate, stability,
targetivity, selectivity, and circulation time.

Aygun et al. [140] presented a very interesting work where scanning electron
microscopy was used to study the photo-induced release from 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) or DSPC liposomes stabilized by cholesterol and
containing the photosensitizer ZnPC. The authors studied the effect of changing the
liposome composition on the encapsulation capacity, morphology and photo-induced
release properties of these liposomes. It was observed that the DMPC liposomes were
more sensitive to light than the DSPC ones, which showed slower release rates. Both
liposomes were more sensitive to visible light in the 400-700 nm range than to 365-nm
UV light. The study also determined the optimal ratio of lipids to cholesterol to ZnPC
(7:2:1) for liposome stability.

In the above described studies, the trigger directly causes a change in the carrier.
However it is possible to use a trigger to cause a change in the environment that leads
to a change in the carrier, upon which the release is observed. For example, when the
trigger is light, its energy can be changed into other forms, e.g. heat. Since
thermosensitive liposomes are affected by hyperthermia, researchers investigated the
use of materials that can be heated when subjected to light, such as gold. In the work of
Paasonen et al. [141], gold nanoparticles were loaded into TSL liposomes or attached
to their surfaces, and then irradiated with UV light. It was observed that the UV light
specifically triggered the release from these liposomes, while traditional liposomes
were unaffected. The hypothesis that gold particles have the ability to absorb light
energy and change it into heat, which is transferred to the liposomal lipids causing a
phase transition, was further studied by Mady and co-workers [142] who later
performed the biophysical characterization of these liposomes. If the temperature can
be raised high enough to cause the lipid bilayer to undergo a phase transition from a gel
phase to a rippled phase and then to a fluid phase, then release is achieved. By
controlling the amount of gold particles present and the illumination intensity of the

UV light, a controlled release can be achieved. The group of Paasonen also studied the
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effect of these liposomes in cell cultures [143]. Gold nanoparticle-loaded liposomes
encapsulating calcein were UV-triggered after cell internalization and the results
showed that the cell viability was not decreased, which suggests that this system can be
applied in vivo.

Most of the studies described so far use UV or near-UV light, which poses a
problem when extrapolating them to potential clinical uses. UV radiation is phototoxic
and may affect the stability of biological systems, for example by generating reactive
oxygen species. In this sense, the use of infra-red (IR) or near-IR to trigger release from
photosensitive liposomes, would provide a safer method. Additionally, IR or near-IR
light has a deeper penetration into tissues [144]. Recently, Carter and co-workers [145]
described liposomes containing porphyrin-phospholipid as a photosensitizer,
characterized them, and studied their effect in vitro, in cell cultures, and in vivo, in mice
xenografts. Permeabilization was achieved by irradiation with near-IR 658 nm laser
light, and it was found to be dependent on the percentage of photosensitizer, irradiation
intensity and exposure. The results obtained in vitro and in vivo when using these
liposomes loaded with Dox were very promising, which makes this DDS a candidate
for anticancer therapy. In summary, light can be used as a stimulus to directly or
indirectly trigger release from photosensitive liposomes. However, the modification of
the liposomes is the major accomplishment in this field. For more detailed information
on the different mechanisms by which photosensitive liposomes can be triggered and
how the liposomal composition affects the release [146], the reader is encouraged to
read more about photopolymerization [133, 146, 147] , photosensitization [134, 137,
138, 148], photo-isomerization [133, 146, 149], photo-oxidation [133, 136, 146, 147],
or the degradation of photo cleavable lipids [133, 150].

3.1.5. Magnetoliposomes

The use of magnetic fields as a triggering technique, by which a controlled
release can be induced, was already mentioned in previous sections. Magnetic materials
were first used for hyperthermia, as initially proposed by Gilchrist et al. [79]. They
proved to be the ideal hyperthermia-inducing systems since they are non-invasive,
tissue-specific and capable of precise, localized, high-intensity heating of deep tissues
(reviewed in [55]).
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Drug delivery driven by magnetic fields was first proposed by Freeman and co-
workers [151]. As discussed in Section 3.1.1, the first attempts on the use of magnetic
fields as a release trigger was as a heating mechanism that could be combined with
TSLs into one DDS. A local high frequency AMF can be used at very high intensities
to induce hyperthermia at the tumor site, thus causing drug release from the TSLs.
However, at such intensities of magnetic fields, it is hard to control the amount of
energy that is absorbed and converted into heat in the body; hence excessive exposure
could lead to second or third order burns [152] . Furthermore, hyperthermia-induced by
AC magnetic fields has several limitations, as reviewed in [153]. To avoid the harmful
side effects, a group of scientist worked on the development of magnetoliposomes
(MLs), which combines liposomes as drug carriers and magnetic fields as a trigger. In
this case, the magnetic fields are not used to induce hyperthermia that leads to drug
release from TSLs, but they rather directly interact with the chemically-modified
liposomes specifically made to be sensitive to a certain parameter of the magnetic field.

Magnetoliposomes have been defined as liposomes that contain super
paramagnetic nanoparticles in their composition. A super paramagnetic nanoparticle is
one that interacts with magnetic fields and can absorb most of the field’s energy,
quickly converting it to heat [154, 155]. Consequently, when such particles are added
to liposomes and are placed in the radiation field of an AMF, their temperature
increases, leading to a localized hyperthermia that affects the liposomes only. This DDS
has several advantages due to its biocompatibility, chemical functionality and the fact
that it can combine hyperthermia with drug delivery in the treatment of tumors [81].
The success of the MLs opened the field for researching magnetic nanomaterials that
can be used along with magnetic field to cause hyperthermia, as reviewed in detail by
Kumar et al. [48]. It is worth mentioning that the most widely used magnetic
nanomaterial in MLs is the superparamagnetic iron oxide (Fe304), which produces the
best release results when combined with AMF [156], [157]

In a recent review, Soenen and co-workers [158] clarified the ambiguity that is
sometimes found in the literature concerning types of MLs. MLs may be considered as
an individual magnetic nanoparticle (usually iron oxide with a diameter of about 15
nm) surrounded by a phospholipid bilayer and, in this case, they cannot encapsulate any
substance since their core is the magnetic nanoparticle itself. The same name is used to

designate large unilamellar vesicles encapsulating several magnetic nanoparticles in
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their aqueous cores, which can also be used to encapsulate drugs. The last category is
what will be reviewed here.

In the work of Babincova et al. [80], large unilamellar Dox MLs encapsulating
stabilized colloidal gamma-ferric oxide, were tested for the possibility of inducing a
controlled release by using an AMF as the trigger. The results showed that, by
subjecting the MLs to this field with a frequency of 3.5 MHz and an induction of 1.5
mT for a few minutes, the temperature of the solution was raised to around 42°C, which
was the transition temperature of the lipids used to synthesize the MLs. At this
temperature, a noticeable drug release was observed which indicated the success of the
experiment.

Tai and co-workers [82] used TSLs with carboxyfluorescein co-encapsulated
with iron oxide nanoparticles and monitored the drug release in solution, in an in vitro
gel phantom, and in vivo, in rat skeletal muscle. The application of an AMF triggered
the drug release from the TSLs, and the in vivo experiments confirmed that the method
is minimally toxic and relatively safe. The work of Pradhan et al. [81] demonstrated a
very interesting synergism between biological and magnetic targeting, by synthesizing
folate receptor-targeted thermosensitive MLs for use in hyperthermia chemotherapy.
The liposome formulation was DPPC to cholesterol to DSPE-PEG2000 to folate
(80:20:4.5:0.5 molar ratio) and a commercial aqueous solution of iron oxide magnetic
nanoparticles was co-encapsulated with Dox. Using a permanent magnetic field, these
MLs were targeted to KB and HeLa tumor cell lines, and led to increased cytotoxicity
when compared to Dox encapsulated in the regular stealth liposomes, folate-targeted
regular liposomes and free Dox. The cytotoxicity was enhanced due to magnetically-
induced hyperthermia (42.5 °C and 43.5 °C).

Amstad and co-workers [44] designed stealth MLs containing the super
paramagnetic nanoparticle iron oxide incorporated in the membranes. These particles
(5 nm diameter) were individually stabilized with palmityl-nitro DOPA and mixed with
DSPC and PEG to produce stable MLs with a Tm of around 54.6 °C. Release was
observed when a sample of these liposomes, encapsulating calcein, was subjected to a
230-kHz AMF for 25 min period divided into 5 sessions. It was hypothesized that, when
the iron oxide nanoparticles where subjected to the AMF, they absorbed the energy and
converted it into heat that was dissipated directly into the lipid bilayer of the liposome

causing the local temperature to increase to Tm> 54.6 °C. It was also observed that the
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liposomal structure was maintained during exposure to the AMF, suggesting that the
calcein was released due to transient changes in the membrane permeability and not
due to rupture or fusion of the liposomes. This allowed control of the space and time of
the released dose, making this a possible DDS to be used in vivo.

So, we can conclude that, in the future, AMF might have the potential to be a
good triggering means by which drug release can be controlled either through direct
interaction with the liposomes or, as is the case with light, by using it to induce
hyperthermia at the location where TSLs are present. Furthermore, with more and more
research in the area of magnetism, new magnitoliposomes can be developed that can be
easily triggered and targeted. There are many properties of the ferromagnetic material
that can be made use of especially in tracking and targeting. For example, a magnetic
can be placed close to the location of the tumor once the liposomes are administered.
This magnet can be kept there for some time in order to facilitate passive diffusion of
the magneto liposomes to the tumor site. It can also enhance drug uptake by cancer as
it will accumulate the liposomes close to the surface of the cells allowing for a more
efficient key and lock binding between the ligands and the receptors. Moreover,
fluorescent material can be attached to the paramagnetic materials making up the
liposomes or those found in the loaded drug. This can help in tracking the location of
the liposomes in the body as well as serve as a measure for the drug release. The
technology is still young and much can be done in this field especially with the new
substances being developed currently in labs.

Thus far, the major triggering means used to induce drug release from
liposomes, except for US, were discussed, focusing on defining the terms and
describing the mechanism by which each trigger can be used. Numerous studies have
been done for each triggering mechanism, and many types of liposomal compositions
were developed in order to create successful DDSs, since the liposomes have to be
modified to be responsive to a specific trigger. This modification can be done through
the addition of certain polymers, inclusion of superparamagnetic nanoparticles,
introduction of certain lipids or peptides, addition of amphiphilic molecules into the
composition, or chemical modification of certain chemical bonds to make them
sensitive to a trigger. As for the trigger, the objective is always to cause disruption to
the liposomal membrane allowing the release of the encapsulated drugs. By combining

46



the proper trigger with the proper carrier, side effects associated with chemotherapeutic
agents can be avoided and their effectiveness in cancer treatment can be enhanced.

It is important to notice that, throughout the literature, several formulations and
protocols have been described, to create liposomes that are sensitive to a certain trigger.
It is also evident that liposomes with different chemical compositions can still be
sensitive to the same trigger, yet differences between them remain based on their release
efficiency. For example, there are many types of copolymers that can be added to
liposomes to make them sensitive to the pH level; the way they release is the same but
the amount of the drug they can encapsulate and then release when triggered, may
differ. The aim of this part of the thesis was not to include all types of liposomal carriers
but rather focus on the process of interaction between them and the specific triggering
means. In the next section, a complete review on US as a trigger is provided, with a
discussion on US physics that will help elucidate the ways by which it can be used to

control drug release from liposomes [8].
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CHAPTER 4: Ultrasound

In recent years, US has been researched as being a potential triggering technique
that can be used in DDS due to its safety and low cost. Nowadays US has many
applications in the medical field, but perhaps the best known is its use as an imaging
technique (including the imaging of embryos). This indicates how safe and
recommended US is as a means of diagnostics and therapy [159-164]. In this section, a
detailed investigation of US physics is addressed that serves as the foundation for
understanding the mechanism by which it is used to trigger drug release in drug delivery

applications.

4.1. Physics of ultrasound

Ultrasound consists of sound waves (pressure waves) with a frequency higher
than 20 kHz. As a comparison, sound waves within the human hearing range have
frequencies between 40 Hz to 20 kHz [165-169]. The sound wave is a physical wave
that needs a medium to travel through, unlike light or electromagnetic waves. Sound
waves propagate by means of energy transfer between molecules of the medium, which
occur as the pressure changes from compression (high pressure) to refraction (low
pressure). Ultrasound waves possess the properties of any wave, i.e., attenuation,
reflection, refraction, amplification, absorption and scattering. Yet, US waves, also
called acoustic waves, have the ability of propagating on the surface of matter without
traveling through it [168-171].

Ultrasound waves consist of cycles of successive varying pressure values,
similar to those shown in Figure 6. There are two main types of pressure wave
propagation, namely transverse and longitudinal, as described in Figure 6. The upper
image shows a longitudinal wave and the lower one a transverse wave. In longitudinal
propagation, particles tend to move back and forth along with the direction of the wave.
Therefore, if the wave is traveling from left to right on the x-axis, the particles
themselves will be propagating parallel to the x-axis. On the other hand, in the case of
the propagation of a transverse wave, also known as shear wave, the particles are
stationary in the translational sense; however, they oscillate perpendicular to the
propagation direction producing a wave behavior similar to that exhibited by sinusoidal
waves [166, 170, 172].
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Figure 6. Nature of acoustic wave propagation: shear and longitudinal.

Usually the medium through which the propagation occurs is referred to as the
fluid medium. Any fluid medium consists of a collection of particles that are always
randomly floating and moving around the space. This motion is more restricted in the
case of solids, it is moderate in liquids, and it is the least restricted in gases. The motion
restriction is due to the density of the material: as the density increases, the number of
molecules filling up a specific volume increases but the available space for each
molecule to move decreases. Consequently, the molecules, in more dense materials, are
closer to each other and can easily collide. Figure 7 shows the molecules as spheres
distributed in the space. When no pressure is applied, there will be no pattern in the
motion of the molecules, only random motion of the particles [173].

Once pressure is applied, the molecules are compressed together forming a band-
like shape corresponding to the intensity of the pressure wave. The band of molecules
will then be accelerated in the direction of the wave propagation, but as molecules come
in contact with the next line of molecules, energy transfer occurs. Eventually, the initial
band of molecules that were in direct contact with the pressure wave will lose the gained
energy and will start to divert from each other. This state is referred to as the rarefaction
state [174-176]. When a series of compression and rarefaction states are induced
periodically into the fluid medium, a pressure wave can propagate smoothly as long as
the fluid is clear of any obstacles. The region of compression corresponds to a region
of high pressure, while the region of rarefaction corresponds to low pressure. It must

be noted that only the wave propagates; particles just oscillate in place to allow this
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propagation. The particles in the compressed regions are moving forwards, and those

in rarefaction are moving backwards.
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Figure 7. Image showing a successive cycles of high and low pressure areas formed due to the motion
of a piston in a medium of particles.

Since solids have molecules that are tightly compacted, sound waves travel
faster in solid media than in liquids and gases. In fact, air and vacuum are some of the
worst sound conductors and the speed of sound in these media is considerably low
compared to other media, for high frequency sound waves. In air, the molecules are
distant from each other; hence, the particles of the medium take a long time to come
close to each other, and the energy transfer rate is slower. Due to this slow motion of
particles, the acoustic energy band that forms a compression region hardly forms, which
in turn presents difficulties in the face of the acoustic wave propagation. For low
frequencies, the scenario is different. As an example, the human voice propagates
through the air, and can be clearly heard when people are talking. Hence, low frequency
sound waves can travel through the air but they fade quickly due to losses caused by
the nature of the medium [177, 178].

Acoustic waves are a form of pressure wave that propagate as described above.
When the successive pressure variation is compared to a normal sinusoidal wave, the
high pressure is equivalent to the upper peaks of the sinusoid, and the low pressure is
equivalent to the lower peaks. Hence, speed, wavelength, frequency and amplitude of
the pressure wave are parameters that can be used to characterize acoustic waves. Figure

8 shows an acoustic wave represented as a sinusoid with a wavelength (1), a frequency
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(1/T) and a speed which is the product of frequency and wavelength. In most soft
tissues, the velocity of US is about 1540 m/sec [166, 167, 174, 179, 180].

PiIDH ||
T
E A /\ /\ Distance g /\ A Time
-, -,
(a) (b)

Figure 8. Representation of a sinusoidal wave. The wave is characterized by a certain wavelength A and
a frequency 1/T

4.2. Ultrasound applications

Ultrasound waves are easily generated using a system that consists of an
actuator that produces an alternating current at adjustable frequencies based on the
application, and a wire that carries this AC current to a probe used as the terminal (from
which the pressure waves are emitted [181]). Knowing the physics of US has helped
widen the spectrum of applications. Frequency is one of the main controllable
parameters that determines which application US can be used for [181, 182]. Table 1
shows the ranges of ultrasonic frequencies and their corresponding applications.

Frequencies of 1 MHz and greater are required to obtain ultrasound suitable for
diagnostic imaging [183-185]. This is because, in human body imaging, ultrasound
waves have to penetrate to a certain depth and reflect back while still having some of
their initial power. So by adjusting the frequency, the proper depth can be reached based
on the rule, the higher the frequency the lower the penetration depth described earlier
in equation (2). Also, at higher frequencies, the wave’s wavelength becomes shorter
which allows for more precise and detailed images. But there is always a tradeoff
between depth and details as there is a direct relation between the frequency and the
wavelength as depicted in equation (3). Since the speed of ultrasound in human tissue
is assumed to be constant, changing either of the two will lead to an opposite change in
the other [183-187].

v=fx*A ©)
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Table 1. Ultrasound: range of frequencies and respective applications [188].

Frequency  Applications Device Description
30-150 kHz  Dentistry Micro Probes Debris removal
0.1-1 MHz Kidney stone Lithotripter Shattering of kidney stones through the
shattering absorption of ultrasound
0.5-1.5MHz Tissue ablation  High Intensity Heating of tissues to the point where cells
Focused start to die; intensities are high enough to

Ultrasound (HIFU)  cause the temperature to rise above 42°C

0.7-3MHz  Physiotherapy =~ Normal Probes Heating certain locations of the body to
help clearing internal organs from
unwanted cells, such as surface cancer
cells; intensity used is moderate enough
to heat up the surface of the skin and few
mm in depth.

1-20 MHz Organ imaging  Ultrasonic imaging  Lower frequencies in this region are used
to capture images of deep organs such as
liver and kidneys. Higher frequencies are
used for imaging superficial areas such as
muscles and brain. Intensities used are
low just enough for a clear wave to be
reflected back to the source.

By examining Table 1 carefully, it can be seen that applications have
overlapping ultrasonic frequency ranges. Tissue ablation and organ imaging have an
overlap in the range of 1-1.5 MHz. Yet, for imaging, the intensity of the US is very low,
barely enough to allow the US to propagate through and reflect back with enough
intensity that can be used to form the image. On the other hand, for tissue ablation,
higher intensities are used leading to hyperthermia at the targeted area. Lower
intensities cannot achieve the required increase in temperature. Thus, although the
frequency ranges overlap, the application is determined by the intensity [173, 179, 182,
189-195].

Another controllable parameter is the mode of operation [191, 193, 196]. There
are two main modes of operation: continuous mode or pulsed mode [197]. In
continuous mode, the US wave is generated and applied continuously for a certain
period of time. In the pulsed mode, the wave is generated in a cycle of on and off
periods. The mode also plays a role in determining the application even if there is an
overlap in the frequencies. For example, although there is an overlap in the frequency
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ranges between kidney stone shattering and tissue ablation and both of them use US
within the same intensity range, kidney stone shattering uses a pulsed mode to cause
the breakdown of the stones while tissue ablation requires the application of US
continuously for long periods, allowing for the tissue to overheat. Hence, these three
controllable parameters are the key to understanding the ways by which US can be used

in drug delivery and triggering release [197-201].

4.3. Ultrasound behavior in matter

Furthermore, using the wave properties of sound, the acoustic properties of a
material, such as its acoustic impedance, can be determined. The acoustic impedance
(2), measured in rayls, of a material describes how a sound wave is affected by this
material as it propagates through it, and determines the wave speed, attenuation, and
reflections; factors that help when choosing the appropriate intensity and frequency of
ultrasound waves that will be used to do a certain task [166, 202-206]. Thus, acoustic
impedance is considered the most important parameter when analyzing an acoustic

medium since it is a function of frequency, pressure and speed, as shown below:

Z=P/v=cxpg 4)

where P is the pressure in Pascal, v is the particle velocity, c is the speed of
propagation, and p, is the density of the material. It is wise to note here that there is a
relation between the pressure P and the intensity of ultrasound that will be discussed
shortly [184, 188].

Particle velocity refers to the oscillation speed of the particles as the wave passes
through. If the propagation is assumed to be linear, the following relationships can be
derived directly,

v="1 (5)
oy ®)
a= w* % (7)
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where ¢ is the amplitude displacement, « is the acceleration, w = 2xf is the angular
frequency.

The amplitude displacement refers to the maximum distance that the particle
subjected to the acoustic wave will travel from its initial position. This value is directly
proportional to the pressure (intensity) of the wave and inversely proportional to its
frequency. This is because the higher the pressure, the stronger the push that the particle
exhibits. On the other hand, as the frequency increases, the impact time decreases which
allows less time for the particle to travel away from its positions. On the other hand,
acceleration refers to how quickly the speed of the particle increase as the wave passes.
Initially, a particle in a medium is assumed to be stationary but when an acoustic wave
passes through, it causes the particle to move at an increasing speed. The acceleration
is proportional to both the intensity and the frequency for obvious reasons [166, 183,
186, 202, 207].

As mentioned previously, the acoustic impedance of a material is related to its
acoustic behavior. For example, assume a piece of aluminum is subjected to a sound
wave of 100 Pa pressure at 10 kHz frequency. The density of aluminum is known to be
2700 kg = m~3and the speed of sound in aluminum is 6400 m/s. Then using equations
3,5and 6,

Z = 2700 * 6400 = 1.73 * 107 rayls @®)
— 100 _ 11

E = P10t 1730107 9.2 %10 m (9)
— 4 100 _ m

a= 2x*mx*10% * T 0.3752 (10)

What the above values suggest is that aluminum has an acoustic impedance of
17.3 Mrayls. Therefore, at a frequency of 10 kHz and pressure of 100 Pa, particles will
be displaced a maximum distance of 0.92 pm and will be accelerated at an average of
0.37 m/s"2. Those values are critical in characterizing the behavior of acoustic waves
at the molecular level which reflects on the general parameters such as acoustic
impedance, attenuation coefficient and others that are discussed shortly.

Another important aspect that must be analyzed and that helps in understanding
the advantages and disadvantages of US in DDS is the reflection phenomenon, which

occurs when a sound wave is translating at the boundary between two substances; each
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of them has a parameter called the acoustic impedance, which is specific for it.
Frequently, there is usually a mismatch between the impedances of any two contacting
materials, which occurs at the boundary, and causes some of the wave to pass through,
while the rest is reflected. The amount of reflection is determined by the reflection
coefficient, which is, by definition, lower than one. This value indicates the percentage
of the wave that will be reflected in terms of intensity. Let the impedance of the first
material be Z; and that of the second be Z,. In the case of normal incidence, the
amplitude reflection coefficient, R, can be derived as follows [170, 171, 173, 180]:

_ 72-71
T 72+71

(11)

Using the amplitude reflection coefficient, the amount of energy, depicted in the
intensity parameter, that will get through from one medium to the other can be
approximated as a percentage by finding the normal incidence intensity transmission

coefficient calculated as follows:

It = |1 —|R|?| * 100% (12)

Besides the reflections that happen due to the mismatch in the impedance,
impedance itself causes losses in the intensity of the passing wave. This loss is referred
to as attenuation due to absorption or energy change, and it is another factor that
governs the possibility of using US as a triggering means. When a wave passes through
a medium, some of the transmitted energy changes into other forms, e.g. heat energy in
the case of tissue ablation. This change will in turn lead to a loss in energy; hence, the
amplitude of the pressure wave will decrease as the distance traveled through the
medium increases. This can be modeled using equation (6). As can be observed, the
attenuation is exponential and it differs from one medium to the other; hence, the

attenuation factor f is specific to each medium [173],

12 =11 x exp(—2BAx) (13)

where, 12 is the intensity at X, and 11 is the intensity at xi, given that Ax = x2 — x1

where X is the position of the wave. To compare between two intensities in decibels, the
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logarithmic scale is used. This is a measure of attenuation as the wave covers more
distance in the medium. Thus when comparing the intensities and dividing by the

distance, the absorption coefficient can be calculated as follows:

10 12
y =1>+logi (1) (14)

The absorption is linearly proportional to the frequency, so at higher
frequencies, absorption is higher; hence, the distance that the wave travels decreases.
This distance is called the depth of the signal in a medium, and it is another factor that
decides which frequency is to be used for which application. Since intensity is power
per unit area, the absorption coefficient can be written in terms of power as well.
Furthermore, energy is power multiplied by time so energy can be used also [184, 187].

Thus, the following relations can be derived:

Pm?

| =

2pe (15)

£y = 2w logyp (1) (16)

Furthermore, the absorption coefficient varies from one medium to the other,
being lower in solids and higher in gases. The absorption coefficient and the depth of
the signal are the two main factors that limit the applications of US in air. As mentioned
earlier, air is one of the worst media for acoustic wave propagation in the case of high
frequencies. If air is present in the medium of ultrasonic application, the system usually
fails. Also, since air has very high acoustic impedance, there will always be a vast
mismatch between it and any other medium, which causes the reflection of most of the
wave. Table 2 presents a comparison between the attenuation due to absorption in
water, sea water and air. The comparison also shows the effect on the attenuation level

as the frequency increases.
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Table 2. Acoustic absorption in fresh water, seawater, and air (at sea surface normal conditions)
at 10 kHz and 1 MHz. From [173].

Water Air
10 kHz
aap (dB m?) 2x10° 1x101
e-folding distance for energy 250 km 50 m
1 MHz
olab (dB M) 2x101 1x10°
e-folding distance for energy 25 m 5mm

aap 1S the attenuation coefficient in dB/m, e-folding distance is the distance needed for the
wave to get attenuated by a factor of e ~ 2.718
As the frequency increases, the penetration depth decreases because the
energy from the acoustic wave is more easily absorbed at higher frequencies. Also,
depending on the type of medium, the amount of absorption can be determined. Table

3 shows the relation between the attenuation coefficient and frequency.

Table 3. Average attenuation coefficients in tissue (from [208]).

Frequency Average attenuation Intensity reduction Intensity reduction
(MHz) coefficient for soft tissue in 1 cm path (%)  in 10 cm path (%)
(dB/cm)

2.0 1.0 21 90

35 1.8 34 98

5.0 25 44 99.7

7.5 3.8 58 99.98

10.0 5.0 68 99.999

The attenuation coefficient and the acoustic impedance are important when
dealing with the human body and analyzing how it interacts with US. The human body
consists of stacked layers of tissues - skin, fat, muscle and bones, each one with its own
acoustic impedance (Table 4). Hence, an acoustic wave passing through these layers
will exhibit attenuations and reflections as it propagates, as discussed earlier. This is
critical because the attenuation, which is usually due to absorption, will cause the
tissues to heat up, as the absorbed energy is converted into thermal energy. This is the
basis of several of the current applications of US. The accurate knowledge of the proper
values is critical to avoid overheating and damaging the skin. Also, due to the
mismatches, which are small, some of the wave is reflected. These reflections work as
the basis for the imaging of human organs. The knowledge of the mismatches helps in
calculating the proper frequency and intensity for the imaging process. It is worth

noting that there is a small mismatch in the acoustic impedance of the skin, muscle and
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fat, but the mismatch in bones is enormous. This is because bones are considered solids,

while the other tissues are considered liquid as they contain a high percentage of water.

Table 4. Attenuation of human tissue at 1 MHz. Adapted from [208, 209].

Human tissue Attenuation (dB/cm)
Blood 0.18
Fat 0.6
Kidney 1.0
Muscle (across fibers) 3.3
Muscle (along fibers) 1.2
Brain 0.85
Liver 0.9
Lung 40.0
Skull 20.0
Lens 2.0
Aqueous humor 0.022
Vitreous humor 0.13

Furthermore, due to the layered nature of the human body, it can be modeled as
layers of different material each with its specific acoustic impedance, Figure 9. When
the acoustic wave is propagating between the layers, as it reaches the boundaries, some
of it will reflect back and the rest will pass to the next layer. Then this part that was able
to go through will face another boundary and some of it will pass and the rest will be
reflected within layer 2. However, if this reflected part survives until it travels back to
the boundary between the second and the first layer, some of it will get reflected again
and so on. Furthermore, as the wave passes through, there will be attenuation in every
layer. Adding all the attenuations together, probably less than 99% of the wave would
survive to reach the bones. Knowing those facts, it is clear that the higher the frequency,
the lesser the depth that the acoustic wave can travel in the human body as the
attenuation is tied to frequency and attenuation is higher in more dense material such
as muscles. Consequently, to be able to reach further locations in the human body,
higher pressure amplitudes (intensities) should be used. Nonetheless, increasing
intensity come with the cost of the possibility of damaging the human body either
because of overheating (hyperthermia) or due to cavitation (discussed shortly).
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Figure 9. Layered model of the human body simplified into three main layers. The first layer is the
skin, second is the muscle and fat, and the third is the bones

Assuming the scenario shown in Figure 9 where the human body is modeled as
only three stacked layers: skin, fat and muscles. The wave reflections can be clearly
defined. Using an ultrasonic transducer, a normal incident acoustic wave is induced into
the first layer from the right. This normal incident wave will be divided into three
components: the normal incident component, the reflected component and the

transmitted component (Figure 10).

Incident

/ Reflected

Transmitted

A

Figure 10. Wave propagation behavior at boundaries between layers of different acoustic impedances

Now, the same analysis can be carried out for the transmitted component from
the first interface between the transducer and the first layer. This transmitted component
will propagate through the first layer until it reaches the boundary of the second layer.
Once at the boundary, it will split into three components as well: transmitted, reflected
and incident. Then the reflected component will travel back through layer one towards
the transducer. Once this component reaches the boundary between the transducer and
the first layer, it will split again into three components and the process will keep going

in each layer until the energy completely vanishes. This phenomenon is known as the
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reflections due to mismatched impedances which causes a lot of losses to the original
signal [210].

&
K——
=) =

>

Figure 11. Ultrasound wave behavior in a multilayer medium

Using the analysis for the reflection coefficients, attenuation and the
impedances of the different layers of the body, calculated values can be found for the
reflected and transmitted waves at each boundary hence allowing for the possibility of
designing the proper transducer that can be used to achieve a certain intensity at a
specific depth.

4.4. Transducer design
4.4.1 Concept of Piezoelectricity

The word piezo in old Greek means pressure; hence, the term piezoelectric is
used to describe the phenomenon in which pressure can be converted into electricity.
Also, the inverse process is possible where electricity can be changed into pressure
waves in the form of sound wave. Such a conversion process would not have been
possible without the discovery of piezoelectric materials in the 1880s. The first
discovery that led to the emergence of this field was the quartz crystal which was
discovered by J. and P, Curie in France in the beginning of 1880.

Silicon dioxide which later was given the name quartz is a naturally occurring
piezoelectric material which has the ability to convert deformations due to exerted force
into electricity. Quartz is considered the best natural piezoelectric known to humanity.

It can be found in the form of rock crystals or can be extracted from desert sand. What
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makes it appealing is that it is easily fabricated into solid crystals. Those crystals
conserve the original properties of the silicon dioxide and they are easy to cut to suit
specific applications. They are resistant to chemical agents and they tolerate very high
temperatures. Last but not least, they have low electrical and mechanical losses which
make them ideal for ultrasonic applications.

Nonetheless, there are other fabricated materials that exhibit the piezoelectricity
phenomenon most of which are ferroelectric. Ferroelectric materials are those which
have naturally-occurring internal dielectric moment that allows them to polarize when
an electric field is applied on them. Those materials are not polarized naturally as long
as they are kept at a temperature below the Curie temperature. Once they are subjected
to elevated temperatures, they lose their ferroelectric property. Nonetheless, as long
they are functional, they tend to have very high electric constants or electric permittivity
which makes them strong piezoelectric material.

There are a lot of such ferroelectric material but the most well-known is lead
zirconate titanate (Pb(Zr,Ti)O3) which is known as PZT. Currently there are some good
newly emerging piezoelectric materials such as polyvinylidene fluoride (PVDF) which
is a polymer, but they need further enhancement before they replace PZT. However,
currently, the dominating material is PZT, which is made into powder that can be placed
between metal plates to form a transducer as shown in Figure 12 below.

PZT has the ability to work as a two way converter where it can convert
mechanical energy from pressure to voltage or the other way around. If a sinusoidal
signal is applied at the terminals of the PZT towards the metal plates, the whole
transducer starts to vibrate. The vibration of the PZT comes in the form of compression
and stretching. When the input voltage is in the negative cycle, the PZT is stretched
radially outwards in the x direction. When the input voltage is in the positive cycle, the
PZT compresses inward also in the x direction. As this in and out motion repeats, the
air molecules at the surface of the transducer, close to the metal plates, start to vibrate
along with the transducer vibration. From the earlier discussion on waves, such air
molecule vibration creates a region of successive compressions and rarefactions which
allows for a pressure wave to propagate. Hence, using PZT along with an oscillating
input, an acoustic wave can be produced at the frequency of the input oscillator.
Nonetheless, the physical dimensions of the transducer also affect the fundamental
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frequency as well as the intensity that the transducer can produce, as will be discussed

shortly.

Metal plates

7

AC Volt

Figure 12. PZT ultrasound system showing the PZT powder placed between two metal plates

4.4.2. Piezoelectric material properties

When PZT is pressed on by an external force, the atoms polarize producing a
capacitive effect that leads to the induction of electric charges into the lead wires which
gives rise to AC voltage. The induced charges can be quantified by what is known as

the charge density or dielectric displacement D.
D=exS a7
where S is the strain due to the applied force.

The inverse effect of piezoelectricity deals with the PZT when a voltage is
applied on it and pressure waves are produced from it. When an electric field is applied
onto PZT, the internal atoms tend to polarize which allows the electric field E to pass
through. This is because all the moments get aligned in the direction of the field which

produces a natural given elastic stress that is quantified as:

o= —exE (28)
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where e is common in the two equations and it is the piezoelectric constant of the
PZT.

As can be seen from the above two equations, they are linear and both depend
on e which is fixed for every piezoelectric material; however, those equations assume
that the material is either very elastic or very stiff. This is because, if the material is
very elastic, no deformation can happen that can produce electricity so the material
works only in the reverse mode of piezoelectricity. If the material is assumed to be very
rigid, then hardly any electric field will be able to cause it to vibrate. The material in
this case will only work if a certain amount of pressure is applied on it. In reality, a PZT
material is both rigid and elastic to a certain extent which is what defines its properties.
Hence, if the charges produced D or the elastic stress ¢ are to be quantified, additional
terms must be included as shown in the below equations [211-213].

D=exS+es*E (19)

o= —e*xE+KEx*S (20)
where, es is the dielectric constant and KE is the elastic constant .

As seen from the modified equations, both are dependent on strain as well as
electric field which to a great extent approximates the actual behavior of a PZT material.
However, there are some extreme conditions that governs the values of the constants
which are: when there is no constraint on the thickness of the PZT layer i.e. o = 0 and
when the electrodes connected to the metal plates are electrically shorted i.e. D = 0.

By solving for the constants using those conditions, it can be shown that:
es = gox(1—K?) (21)
2 2
where, o0 = s + — is the dielectric constant at o = 0 and K2 = —— is called the
KE KExgo
coupling factor.
Similarly,
KE =KD(1—K?) (22)

2 2
where, KD = KE + — is the elastic constant at D = 0 and K* = —— s the coupling

factor.
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Furthermore, by analyzing the wave equation combined with the above
equations on the electro-mechanical characteristics of the PZT, it can be shown that

the velocity of the sound can be calculated as follows [211, 214]:

€= \/ (KTD) - \/ p*(ffKZ) 23)

With all the above analysis, it is clear that the design of an ultrasonic

transducer is a quite complex process that requires the considerations of various
factors. To further simplify the concept of a PZT transducer design, it is possible to

model it as a transmission line as shown in Figure 13.

<€ >

W

i

Figure 13. Transmission line model for Ultrasound PZT probe

Let Zo be the characteristics impedance of the PZT Z, and Zs be the impedances
of the rear and front metal plates. When the rear plate is excited with an oscillating
input, the PZT is excited as well since they are both connected together directly.
However, due to the coupling factors discussed earlier, the excitation amplitude is not
completely conveyed from the plate to the PZT. Hence, each will have a certain
excitation amplitude. The difference between those amplitudes is due to the differences

in their impedances and can be calculated as follows.
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oge(t) = Pr(t) — Po(t) (24)
Further, assume the following analogies:

e Pressure = voltage
e Impedance = resistance

e Velocity = current

Using the above analogy, almost all electricity laws apply such as ohms law.

Therefore, the velocity of the sound wave can be derived as follows:

Pr
Vr = Z (25)
Then,
PO =5 ol = @)

However, a similar simple analysis cannot be done for the front side of the
transducer. This is because; there are other factors such as refractions and reflections
that affect the output amplitude. Unlike the rear-PZT junction, the front-PZT junction
will suffer from heavy attenuation and randomness caused by the composition of the
PZT material itself. The closest model where only reflections are accounted for can be
calculated using the following expression.

Pf(t) =Pr(t) + T = [Po(t —T) + R* Po(t — 27) + R> * Po(t —37) + -]  (27)

where,

__Zf-Zo
T Zf+Zo

, T=1-IRl , 1= (28)

Moreover, the pressure amplitude depends, not only on the characteristics of the
PZT and the metal plates, but also on the excitation frequency. For every PZT, there is
a resonance frequency at which the maximum output pressure (intensity) can be
achieved. So, by modifying the above equation for the radiated pressure from the front

plate, the following is a more precise representation:

Pf = u (29)

- . (Zo t
1—l*(;)*cot(w*5)
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where,

00 = —% (30)

By finding the roots of the denominator of the transfer function, it can be found
that sharp resonance happens at a fundamental frequency that has a wavelength equal
to half the thickness of the PZT core [212, 215]. Also, other peaks happen at the
multiples of this frequency which are called its harmonics. This relation is summarized

in the following equation:

, n=1.23, .. (31)

Also the bandwidth of those peaks can be calculated as a function of the
characteristic impedances, physical dimensions and the speed of sound as follows:

BW =2+ () (32)

b \Zo

To eliminate the problem with the resonance and its harmonics, matching
impedances can be used in the packing material and a matching impedance layer can
be used at the outer surface of the transducer to reduce internal reflections when the
transducer is used against a none-matching impedance surface. The matching layer in
the front side of the transducer is from where the wave is transmitted. This is a crucial
part in the design of any transducer as it increases the efficiency of it by reducing the
losses due to impedance mismatch. However, for the optimum performance, the
transducer should be design with a matching layer that matches the impedance of the
medium in which the transducer will be used. This information should be procided by
the user to the manufacturer as a part of the specifications. Overall, a transducer is
usually composed of a connector that is attached to a housing package. Inside the
housing, the electrical connection is extended from the connector to the rear plate of the
transducer. However, the rear side is attached to a backing material that absorbs internal
reflections and lowers the loss in the radiated amplitude due to harmonics. On the front

end of the transduce, the outer surface of the housing is composed of a thin layer

(quarter the wavelength) of a material (impedance Zm = \/Zf * Zo ) matching to the

external medium to lower the reflection loss. The setup of most transducers looks

similar to the one shown below in Figure 14.
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Figure 14. Circular Disk Ultrasound Probe. All the main components such as the matching layer, the
backing material, and the PZT powder compressed between the metals plates (front and rear) are
shown.

4.4.3. Radiation Field of Piston Transducer

A transducer can be molded into different shapes and sizes. However, the most
popular are the transducers with circular surfaces. In this work, the focus will be on this
type of transducers. In this part, the radiation field of the circular (piston) transducer is
discussed.

There are many factors that may influence the behavior of a transducer such as:
composition material, mechanical construction and external mechanical and electrical
load. The best model that approximates the radiating acoustic wave is a circular wave.

Assume that the surface of a transducer is in fact made up of many infinitely small point
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acoustic sources the analysis of which is best to start with to understand the general
radiation field of the whole transducer.

Assume that a circular source is located in the x,y plane of the Cartesian
coordinates (X,y,z) as shown in Figure 15. Also, assume that the velocity of the sound
over this surface has a distribution of Vo(x,y). Further, assume that the produced wave
propagates in a spherical shape. So, by solving the wave equation for a spherical wave,

the pressure can be calculated as follows:

ei(k*r—w*t)

P(r) = Pox ——— (33)

Where,

r=x?*+y>+22 (34)

i(w*p=So0)

Po = (35)

2T

Therefore, the above equation can be used to calculate the pressure at any point

in the plane given that the initial pressure Po, frequency w and the characteristics of the
transducers k are known. By assuming that the circular transducer can be divided into

infinitely small point sources, then So (volume velocity) can be calculated as:
So=4xmxa?xVa (36)

where a is the radius of the point source and Va is the velocity at that point source.
Hence, in this model, the pressure of the whole circular disk can be assumed to be the
summation of all the pressures produced from the point sources. For the most general
case and as the size of the point sources goes to zero, the summation can be assumed to

be an integral which is given as follows [216, 217]:

e i(Kxr —wxt)

P(r)=— [, i(wxp*Vo(x,y)) * ———— dA (37)

2x1rr!

where,

r=Jx-x)2+ (v —y)? + (2)? (38)
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Figure 15. Division of the circular PZT disk into very small sub-disks and analysis of the US waves
radiated from those points at a certain point in space distanced from the origin by “r”. The total US

power density will be the summation of the radiations of the individual sub-disks.

Moreover, for every transducer, there are regions of radiation within which the

radiation pattern of the generated waves behaves in a certain general manner. In the

circular transducer discussed here, there are two main regions namely the near field and

the far field and each has its own patterns.

Near field (frensel region)
The generated wave in this region assumes propagation like that of a plane
wave.

Far field (fraunhofer region)

The generated wave in this region is best approximated as a diverging spherical
wave which is similar to the wave behavior of the point source discussed earlier.
Therefore, all of the earlier discussion applies only when dealing with the
circular transducer that is operated within its far field. However, an added term
called directivity is included as a multiplication factor when calculating the

pressure. Hence, the pressure equation becomes:

ei(k*r—w*t)

P(r,0) = Po —* D(6) (39)
where,
_ J1(a*k=sin(8))
D(H) =2 axk+sin(0) (40)
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The added factor of directivity is very critical as it determines the direction at
which most of the intensity will be radiated. As can be seen, the directivity is in fact a
function of the physical dimensions of the transducers, its chemical composition and
the half angle 8. A few examples of the directivity patterns are shown below in Figure
16 for different sizes and types of transducers. Also, the half angle is shown for each
case. The half angle (angle of divergence) can be used as a measure for the directivity
and it is calculated based on either the first main lope or when the intensity falls by 3
dB.

a*kzn*% (41)

axkxsin(@) = ¢ (42)
where ¢ is the value at which the first lope occurs which is usually 3.83 after

normalization. The -3 dB is equivalent to { = 1.62 which can be used as well.
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Figure 16. Radiation pattern of different probes at different half angles
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Another critical point that should be considered when studying the field patter
of a transducer is to note the location of the near-field/ far-field transition. This point is
usually referred to by the variable N which is proportional to the physical measurements
of the transducer as well as its resonance frequency. It is worth mentioning that, unlike
the pattern in the far-field, the pattern in the near field is random and is full of maxima
and minima. In the near field, some regions will exhibit very high pressures and others
will not produce any. Some books like to define the transition point N as where the
maximum amplitude in the near field ends, however, with minimal analysis and

equation manipulation, the results will converge into the following.

N =— (43)
4.4.4. Unfocused circular transducer

This discussion leads to one of the most widely used transducers which was one
of the transducers that were used in this work which is circular unfocused transducer.
The radiation behavior of these transducers in the near field is like a well collimated
beam with very minor convergence until the transition point. However, in the far field,
the diffraction losses increases as the divergence of the wave becomes severe and the
propagation turns into a spherical pattern. Also, the amplitude becomes inversely
proportional to the distance from the transducer. In the early 1950s, a scientist named
Lonnel was the first to do work on the calculation of the diffraction of the ultrasonic
wave. Later on, a diffraction correction formula was derived based on Lonnel’s work

which is calculated as follows:

DL(s)=1— e "%« []o (z x g) +ij1 (2 * %)] (44)

where Jo and J; are the zero and first order Bessel functions respectively and s is the
normalized distance from the transducer.

This divergence correction formula is what helped in completing the picture of
the radiation pattern of a circular transducer. However, those are all approximations.
Furthermore, it is assumed that the beam does not converge or diverge in the near field
up until the transition point. This assumption, when comparing the resulting pattern to
the actual, cost a 3 dB loss in the intensity at the transition point as shown in Figure 17.

The actual field is shown in red where it converges until the transition point and then it
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starts to diverge. The dashed field is the calculated one. As can be seen, the calculated
follows the actual in the overall shape; however, it fails to show the slight convergence
of the beam in the near field. This is expected as the modeling equation fails to include

the nature of the medium along which the wave propagates.

Figure 17. The actual field pattern of the circular disk transducer versus that of the theoretical one, plus
the transition point after which the wave can be regarded as a plane wave.

Since intensity is power divided by unit area, the maximum intensity of an
unfocused transducer should happen somewhere close to the transition point as it has
the smallest diameter. Thus, when designing a transducer, the transition point is
considered as the critical point to set the upper bound on the performance of the
transducer. Further, experiments showed that there is an inverse relation between the
lommel diffraction correction and the frequency. So, as the frequency increases, the
diffraction correction decreases, yet this relation is not present in the current formula of
the DI(s) stated earlier.

4.4.5. Focused circular transducer

Another type of US transducer is referred to as focused transducers. From the
name, it indicates the nature of the output wave where it can be designed to be focused
onto a single point in space. The buildup of the transducer remains the same, but to
achieve the focusing feature, three methods can be used. The first method is by using a
concave transmitting PZT layer that works as a dish-like antenna. The second method
involves the use of a focusing lens capable of converging US waves based on its
location from the normal flat transducer. The third method is by designing the

transducer from an array of transducers termed as phase array transducer. In this
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section, a brief description of the first focusing method is presented as the focused
transducer used in this thesis was based on that method.

The transducer of this type usually has a concave like transmitting end as shown
in Figure 18. This concave shape helps in defining the radiation pattern of the transducer
and depending on the diameter of the PZT, the concavity of the transducer, and the
resonance frequency at which it operates, the focal point position is determined.

For example, assuming the position of the focal point does not matter, for the
same transducer with the same dimensions, the higher the frequency, the more focused
the wave can be. This is due to the fact that, at higher frequencies, the wavelength
decreases which makes it possible for the wave to be focuses onto a smaller focal point.
Assuming the focused wave will have a triangular like shape, the higher the frequency,
the narrower the focal point can get as shown in Figure 18. On the other hand, the
dimensions of the transducer can be designed to get a certain focal size at a certain
distance for a certain resonance frequency by simply understanding how the wave

behaves in different media.

Transducer

concavity v . Lower frequency
l /e :

T~ 4

Wave focal
point

Higher frequency

Figure 18. The focused ultrasound probe and the corresponding radiated wave, plus the effect of
increasing the frequency on the size of the focal point and its distance from the center of the probe.

In this work, the ultrasonic transducers used are of two types. Some are focused

ultrasonic transducers with resonance frequencies of 1 MHz and 3 MHz. They were
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bought from Precision Acoustic, London, England. The others were unfocused and
were already available in the university from Optel inc, Poland. They have resonance
frequencies of 5 MHz and 10 MHz. All transducers had a circular surface and worked
in a continuous wave excitation mode. For further details of the equipment used, see
Appendix A.

So, by now, most of the basics needed to understand how ultrasound behaves in
the human body have been covered. This information is critical for the understanding
of the next part of this work which deals with mechanisms by which ultrasound is used
to cause drug release from liposomes. The mechanisms are explained in detail with

reference to the physics portion of ultrasound discussed so far.
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CHAPTER 5: Ultrasound in Drug Delivery

5.1. Interaction of ultrasound with liposomes

Ultrasound, a potential trigger for drug release from nanocarriers, is gaining
significant attention in creating successful DDSs. Nonetheless, similar to other
triggering means, the drug carriers must be modified to become more responsive to
acoustic waves. Liposomes modified to increase their acoustic sensitivity are referred
to as echogenic or acoustically activated liposomes (AALs). The modifications depend
on several US parameters, including intensity and frequency of the triggering acoustic
wave, and are aimed to obtain the most efficient release. For example, high intensity
US at a low frequency causes an increase in the temperature of the medium, hence,
liposomes triggered using this technique are synthesized/designed to respond to
hyperthermia. This section introduces several types of echogenic liposomes and the
mechanisms by which US induces drug release. By understanding the different ways
US interacts with a liposome and the advantages and disadvantages of each, new, and
possibly better, liposomal chemical formulations can be developed, leading to better
DDSs.

5.1.1. Hyperthermia

Liposomes are made up of a lipid bilayer which, similar to cell membranes,
gives them an acoustic impedance, close to that of muscle tissues. This impedance
means that, as the acoustic wave passes through the liposomes, there will be some
energy dissipation absorbed by the liposome. This energy is converted into heat, which
raises the temperature of the lipids. If the liposome is designed with a specific transition
temperature (e.g. the TSL discussed earlier) hyperthermia can be used to achieve this
temperature, causing the lipid bilayer to transition from the LO state to the SO state,
introducing pores within the shell, which in turn allows for the release of therapeutic
agents. Hyperthermia, as stated in the work of Schroder et al. [24], can be achieved
using HIFU at frequencies higher than 0.5 MHz, with intensities that can reach up to
several hundreds W /cm?.

The intensity of an acoustic wave is defined in terms of power over unit area.
The intensity is affected by the amplitude of the wave (i.e., the larger the amplitude of
the generated wave, the higher the intensity) and also by the size of the area that it is
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directed at. Hence, for hyperthermia applications, HIFU is used, since the ultrasonic
wave is focused onto a small area at large amplitudes, thus very high-power-to-area
ratios can be achieved. Nonetheless, not all ultrasonic waves can be focused. There are
two factors, namely the diffraction correction factor and the directivity of the beam,
which govern the process of focusing a beam [165-167, 170, 171, 179]. Since both
factors are dependent on the physical parameters of the transducer, which in turn are
dependent on the resonance frequency, it was observed that higher frequencies are more
easily focused than lower ones.

When using HIFU with TSL, and depending on the size of the liposomes, power
and frequency can be optimized to yield the required intensity at the desired location
and the needed depth within the body. The lower the frequency, the lower the intensity
needed to achieve the targeted hyperthermia, since low frequency US (LFUS) can
penetrate further, hence allowing more energy to be absorbed by the liposomes and the
human cellular structure at the tumor site. On the other hand, at higher frequencies,
higher intensities are needed to reach the tumor site and achieve the required
hyperthermia [50, 51, 58, 70, 218, 219]. Hence, similar energy absorptions can be
achieved when using low intensity at lower frequencies, and high intensity at higher
frequencies; however, there is always the tradeoff of causing damage to the healthy
tissue being irradiated. For example, if the decision was to use high frequency at high
intensity, the outer layers of the body will be subjected to extremely elevated
temperatures as the US will lose energy quicker and at shallower depths. On the other
hand, lower intensities can penetrate further avoiding over heating of the outer layers
of the body, but this might be at the expense of a more dispersed (unfocused) beam of
US. Therefore, there is a need to optimize frequency and power density when US is
used to induce hyperthermia. Such optimization has been adequately addressed in the
literature [220-223]. Hence, although hyperthermia can be easily introduced using
lower frequencies at lower intensities, this frequency range is hardly focused, which
makes it difficult to attain the required intensity at the target point. Further, medical US
is within the range of 1 to 15 MHz, since US of lower frequencies interact more
efficiently with the body tissues, and can cause severe hyperthermia that damages
healthy tissues [179, 224]

Another factor when optimizing the use of HIFU is the skin depth, which

determines the penetration depth of the acoustic wave into the body. This is critical in
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the case of deeply localized tumors, since losses due to penetration have to be taken
into consideration if a certain intensity is required at a deeper level in the human body
[58, 225]. For example, if an intensity of 10 W /cm? is required at a depth of 5 cm into
the human body, the applied acoustic HIFU wave should have a higher intensity to
account for the losses as the wave propagates into the body. As discussed earlier, the
losses may arise due to reflections caused by impedance mismatches between the
different layers in the body, and also due to the absorption of some of the energy by the
cells. Both factors are dependent on the frequency of the wave: the higher the frequency,
the higher the losses and the lower the penetration ability. The proper frequency should
be chosen carefully so that the required intensity can be reached at the desired site
without greatly increasing the intensity at the surface, since this could lead to tissue
damage of the skin and other structures.

Besides being used as a trigger for drug release from TSL, hyperthermia induced
by HIFU can also be used as a direct means to induce the death of cancer cells. Cancer
cells subjected to temperatures above 42° C die; hence, if the cancer is superficial or
directly on the skin, it can be treated by HIFU without the need for chemotherapy [226-
228].

5.1.2. Cavitation

Another form of ultrasonic triggered release depends on cavitation. Cavitation
is a natural phenomenon that occurs when a wave is incident on a bubble filled with a
liquid that has the same resonance frequency as that of the incident wave [229]. In this
case, the bubble will start to oscillate at its resonant frequency. This is a well-known
phenomenon since everything has a resonant frequency of its own. For example, in
1940, Tacoma Narrows Bridge, in Washington, USA, collapsed when the passing winds
caused it to resonate at its resonance frequency [230]. At this frequency, the particles
tend to vibrate in a harmonious way. For example, if the vibrations were to the right,
all the particles of the bridge would be moving to the right. If the vibrations were to the
left, all the particles would be moving to the left. When the amplitude of the vibration
was high enough, all the particles were vigorously swinging to one side or the other,
and the vibration could no longer be sustained by the bridge, which caused its collapse.
The same concept applies to the cavitation of a microbubble. If an acoustic wave is

applied at the resonance frequency of the bubble, it will start to oscillate along with the
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wave. When the wave is in the low pressure stage, the bubble will be stretched, and, as
the wave cycle goes from low pressure to high pressure, the bubble will start to
compress gradually until it reaches the peak of compression, which corresponds to the
maximum peak of the pressure wave. Microbubbles have certain tolerance points after
which they can no longer get compressed or stretched based on the encapsulated gas.
When the applied wave reaches peak pressures higher than the tolerance point, the
microbubbles will not be able to oscillate and will burst, generating an intense shock
wave that can shear open nearby cells. Also, this collapse is accompanied by the
generation of very high temperatures, which can reach up to thousands of Kelvins [231].
While the bubble is oscillating with the wave, the cavitation is referred to as stable
cavitation, while in the case of a bursting bubble, it is referred to as inertial or transient
cavitation [232, 233].

In drug delivery, the transient cavitation phenomenon is of interest, since if the
liposomes are close to microbubbles that undergo transient cavitation, the shock wave
produced may cause the liposomal membrane to open thus allowing for the drug to
diffuse out of the nanocarrier (Figure 19). Also, if the bubble is close to the tumor site,
the shock wave as well as microjets of liquid can lead to the disruption of the cell
membranes, allowing the released drugs to enter and accumulate into the cells. This
greatly enhances the performance of a DDS. These shooting jets occur when one side
of a bubble is close to a cell or tissue. In this case, the burst bubble causes liquid jets
rather than shock waves [234]. This type of collapse, called asymmetrical collapse, only
occurs when the motion of the bubble is restricted from only one side, while the other
side is free to oscillate. The collapse happens on the free side and propagates towards
the inner side giving rise to a directed shock wave, which, unlike the normal shock
wave which propagates spherically with the center being the collapsed bubble,
propagates along a straight line. Thus, all the energy is directed towards one point, in
other words focused on the desired location [235]. If these liquid jets are directed
towards a cell or tissue, they can cause extensive damage. Therefore, a combination of
both types of bubble collapse leads to an enhanced DDS [236].

In summary, the cavitation-induced release from the liposomes is triggered due
to either the shear wave produced from the collapse, directed or not, and/or due to the
elevated temperatures that are generated in the process.

78



As discussed earlier, carriers designed to be triggered by this method are usually
either dependent on naturally occurring bubbles in the vicinity of the targeted site, or
make use of manually introduced microbubbles in the vicinity of the tumor. Otherwise,
they must be loaded with nano-bubbles that can oscillate and cause cavitation. The
problem with the first method is the fact that the sizes of naturally-occurring bubbles
are difficult to know except through sophisticated means, e.g. imaging. This presents a
constraint on the choice of the frequency as the resonance frequency of a bubble is
dependent on its size. If the size is unknown, the only way to cause cavitation is through
trial and error, hence different frequencies and power intensities have to be used until
transient cavitation is achieved. Higher intensity means higher risk of causing damaging
hyperthermia and this is undesirable. This tradeoff between complexity and side effects
calls for a controlled size of microbubbles used to induce cavitation. Thus, researchers
created microbubbles of a fixed size and introduced them into the tumor site [237].
Since the size of these microbubbles is known, their resonance frequency can be
calculated; hence, transient cavitation and drug release can be controlled. In the case of
AALs, these are best triggered using low frequency and intensity US. At low
frequencies, in the range of 20 to 500 kHz, small intensities in the range 0.5-10 W/cm?
can be used; the higher the frequency used, the higher the intensity needed, which leads
to the use of HIFU [238].

There are two methods by which bubbles can be manually introduced. They can
be either encapsulated inside the liposomes, along with the drugs, or they may be placed
in the membrane, sandwiched between the lipid bilayer, as described by Huang and
MacDonald [40, 239]. Figure 20 clearly shows the location of the bubble in the
membrane as well as the place of the loaded drug. Using this AAL, transient cavitation
can be induced and the drug can be released easily into the surroundings. These carriers
can be further enhanced to make them actively targeted, so they can be directed to
cancer cells and the release can be triggered directly into the cytosol.

However, the smaller the bubble the higher its resonance frequency and the
higher the intensity it needs to undergo transient cavitation. This is because, as the
frequency increases, larger bubbles tend to be less sensitive to the acoustic wave and
may not even oscillate. The only bubbles that would oscillate are those with very small
diameters. A governing factor that measures the possibility that transient cavitation will

occur is called the mechanical index, which is calculated as follows,
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__ Pneg

MI = £05

(45)

where Pneg is the peak negative pressure of the acoustic wave (in MPa) and f is the
frequency (in MHz). As shown in this equation, the mechanical index is a function of
both the frequency and the pressure amplitude of the incident acoustic wave, thus as the
frequency increases, the MI decreases which mean that the possibility of cavitation
decreases. To counteract the effect of increasing the frequency, the intensity should
increase extensively. For cavitation to be probable, the Ml should be 0.7 or higher [240,

241]. At lower frequencies this can be easily achieved by using very low intensities.
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Figure 19. Different types of cavitation processes. Microbubble (A) is undergoing stable cavitation,
Microbubble (B) is undergoing collapse cavitation. Microbubble (C) suffered an asymmetric collapse.
Bubbles (D) and (E) illustrate the effect of the compression and rarefaction.

Optical and acoustic methods were used to track the destruction that takes place
when an acoustic wave is directed towards phospholipid-shelled microbubbles.
Experiments showed that the bubbles are destroyed by either one of two main
mechanisms: acoustic dissolution at low acoustic pressure, or fragmentation of the
parent bubble into two or more daughter bubbles at high pressure. Once the US is
applied, the gas inside the microbubbles starts to oscillate causing the whole bubble to
oscillate. If the oscillation is stable, currents are formed in the aqueous environment

around the bubble. The work done by Mehier-Humbert and co-workers [242] showed
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that at a frequency of 2.25 MHz, small bubbles start to oscillate. As the intensity
increases, the bubbles undergo transient cavitation which causes some damage to the
surroundings. Yet, these experiments were done in vitro and the pressure used at this
frequency was 300 kPa. The MI for these parameters is around 0.2 which is less than
the 0.7 threshold. Further research was done at a frequency of 1 MHz and a pressure of
1.3 MPa, yielding a MI of 1.3. Although transient cavitation is possible at this Ml,
damage in this case was lower and low bubble collapse could be observed, with some
bubbles expanding from 2 pm to approximately 20 um, when simulation experiments
set the limit at a maximum expansion of 55 pm. These puzzling results were further
analyzed by Oerlemans et al. [243] who suggested a different mechanism for the
observed damage when high frequency US (HFUS) was used, as discussed in the next

section.

Figure 20. Liposomes loaded with microbubbles.

5.1.3. Collisional mechanism

In 2013, a paper published by Oerlemans and co-workers [243] suggested a
different mechanism for HIFU-induced drug release from nanocarriers. Experiments
were conducted using TSL and non-TSL (NTSL) carriers, to exclude hyperthermia as
the main mechanism of release. The sizes of the liposomes were between 97 to 139 nm,
and the chemical composition of the TSL made its Tm around 42 °C. Each type of

liposome was loaded with a lipophilic compound (Nile red) and with a hydrophilic
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compound (Fluorescein), and both carriers were then subjected to a continuous wave
of HIFU. When TSL were subjected to the HIFU waves for 15 min, their temperature
rose above the T and 80% release of the content was observed. However, in the case
of the NTSL there was no release under the same conditions. Further, both carriers were
then subjected to PW- HIFU (Pulsed Wave- High Intensity US) with an intensity of 20
W for 16 min. This failed to increase the temperature above the Tm, yet a release of
about 85% was observed for the TSL and a slight release of about 27% was observed
for the NTSL. These results suggested that when HIFU is used, hyperthermia is not the
main mechanism for release. The second part of the experiment was designed to
eliminate cavitation as the main release mechanism. Designed microbubbles were
introduced into the vicinity of the liposomes before PW-HIFU was applied, and the
release levels observed were similar to controls where PW-HIFU was applied in the
absence of external microbubbles. This suggested that, although the MI was high
enough to cause transient cavitation, this was not the main mechanism behind he
observed release. The researchers proposed that the shear force exerted by the acoustic
wave forces the liposomes to move at very high speeds and collide with each other
and/or with the walls of the testing chamber. The results were similar for the release of

the hydrophobic and hydrophilic compounds.

5.1.4. Acoustic droplet vaporization

The last mechanism by which US can interact with carriers to cause release is
referred to as acoustic droplet vaporization (ADV) and is based on the expansion of
nanoemulsions as the surrounding pressure changes. This mechanism applies to the
previously described eLiposomes. This triggering method makes use of the restricted
volume of liposomes, (i.e., once they are formed, expansion is allowed but cannot
exceed a certain limit without destabilizing the liposomal membrane and eventually
causes their rupture). The PCFs and PCFs nanoemulsions have high internal pressure;
hence when the surrounding pressure falls below their internal pressure the emulsions
are allowed to expand which in turn increases the volume of the liposomes forcing some
tension on the shell. This tension may lead to the formation of pores that will allow the
drug to be released. Sometimes, the liposomes can be completely ruptured if the volume
of the emulsion increases beyond the threshold point that the liposome can tolerate. The

tolerance of a liposome is determined by its chemical composition, with expansion
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tolerances ranging from 2% to 4% [37, 38, 244, 245]. Ultrasound can be used as a
trigger to change pressure, since it is a pressure wave made up of a periodic series of
low and high pressures.

Lin and co-workers [39] used HIFU to trigger the release from eLiposomes
containing PCFs nanoemulsions and loaded with Dox, a carrier named eLipoDox. The
exposure to HFUS (1 and 3 MHz) at low intensities of 1 to 5 W/cm? caused release,
which was, in all cases, lower than that observed for 20-kHz LFUS. The release with
HIFU was relatively low, about 10% after 2 seconds of insonation, increasing to only
15% after 30 seconds. For these shorter times, no temperature increase was observed,
for either frequency, nor for the power densities used, which indicated a mechanical
action on the liposomes. For higher insonation times, up to 5 minutes, the temperature
rise for both frequencies at a power density of 5 W/cm?, is significant, and release is
increased (50% for 1 MHz and 60% for 3 MHz) due to the PFCs phase transitioning to
vapor. eLiposomes are promising nanocarriers that can easily be triggered using US,
yet the technology is still new. Hence more research is needed to optimize their use in

US drug delivery.
5.2 Relevant research

In this section we summarize several recent in vitro and in vivo studies
performed in acoustically enhanced chemotherapeutic delivery from liposomes.

In 2003, a study by Lin and Thomas [246] used stealth PEGylated liposomes
encapsulating calcein to study the effect of sonication at 20-kHz US (LFUS), on drug
release. The reported results showed an increase in calcein release which was attributed
to the echogenic nature of the PEGylated liposomes, whereby US enhances the
permeability of the nanovehicles.

A year later, a method was described to prepare AALs, and their hydrophilic
encapsulation capacity and their sensitivity to US were investigated [40]. Release was
achieved using 1-MHz US at 2 W/cm? for 10 s, and the authors concluded that this was
a promising DDS.

Yuh and co-workers [247] conducted an in vivo study using pulsed-HIFU in a
mice model inoculated with SCC7, a murine squamous cell carcinoma cell line. A group
of mice were treated with liposome-encapsulated Dox alone, while another group was

treated with same formulation in conjunction with pulsed HIFU. The results showed
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that the mean Dox concentration in the tumors treated with HIFU was 124% higher
than when the mice did not receive US treatment, supporting the possible effectiveness
of this DDS in cancer treatment.

In 2007, a study examined the effect of pulsed-HIFU on low-TSL and Dox
release was monitored in vitro and in vivo [248]. In vitro results showed a triggered
50% release of Dox from the low-TSL, but not from regular (non-temperature sensitive)
liposomes. In vivo studies using a murine adenocarcinoma model, showed that the
combination of the TSL with noninvasive and nondestructive pulsed-HIFU resulted in
a rapid release of Dox and was correlated with a significant reduction in the tumor
growth rate.

In the same year, Schroeder and co-workers [249] published the results of a
study that involved LFUS and sterically-stabilized liposomes (SSL) to control the
release of different payloads of drugs from three different liposomal formulations, with
a similar size. The three types of liposomes were exposed to a short period of LFUS
after which around 80% of their contents were released. The release amount was a
function of the US amplitude and exposure time, and it was attributed to the formation
of transient pores on the surface of the liposomes through which the drug was allowed
to diffuse.

In 2009, the same group reported the results of an in vivo study that inspected
the possibility of controlling drug release of cisplatin from nano-SSL (nSSL) using
LFUS in mice-bearing murine lymphoma tumors [250]. The results showed that the
group treated with nSSL and LFUS had superior therapeutic results compared to the
groups where free cisplatin with or without LFUS were used, or when the tumor was
treated with liposomes containing cisplatin without the use of LFUS. Additionally, the
same study reported that the therapeutic efficiency of cisplatin was increased when the
LFUS was used to induce the localized release of the liposomal drug in C26 colon
adenocarcinomas developed in the footpad of BALB/c mice.

On the other hand, in 201,0 a study was published on the use of 1.1-MHz HIFU
to trigger the release of fluorescent materials (FITC) from liposomes ranging in size
from 150 to 200 nm in diameter [220]. The results showed that a release of 21.2% was
achieved after 10s and around a 70% release was observed after 60s of exposure to

continuous wave US. Transmission electron microscopy showed that the large
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liposomes (> 100 nm) were ruptured, while smaller ones (< 100 nm) showed pores in
their membrane.

In 2011, the group of Pitt et al. [251] published the preliminary results achieved
when combining the use of liposomes loaded with therapeutic drug and low frequency/
low intensity US on tumors. The in vivo study used BDIX rats inoculated with rat
colonic carcinoma DHD/K12 cells. The tumors were treated with Dox-loaded
liposomes subjected to 20-kHz US for 15 minutes. The treatment was continued for 4
weeks. The results showed a statistically significant drug efficacy when the animals
were subjected to US waves compared to the control case which involved the treatment
of the rats with the same liposomes but without insonation.

In 2013, another in vivo study examined the use of liposomes synthesized using
DOPE in treating mice inoculated with human prostate tumor cells (22Rv1). The tumor
site was sonicated with a 1.1 MHz US wave. The results showed an enhancement in the
release and the cellular uptake from these novel DOPE carriers compared to liposomes
synthesized using hydrogenated soy phosphatidylcholine (HSPC) [252].

A recent study by Ninomiya and co-workers [253], presented a DDS consisting
of liposomes modified with poly(NIPMAM-co-NIPAM), a temperature sensitive
polymer, exposed to 1-MHz US with a power density of 0.5 W/cm?. After 120 seconds,
the release of encapsulated calcein was observed. A similar release was detected when
the liposomes were incubated at 42 °C for 15 minutes. The study also involved in vitro
experiments with the liver carcinoma cell line HepG2, using the same liposomes loaded
with Dox. The cells were sonicated with 1- MHz US, 0.5 W/cm? for 30 sec, and 6 h
after the exposure the cell viability was 60%, significantly lower than in any of the
controls (Dox thermosensitive liposomes with no US, Dox-loaded regular liposomes).

Rizzitelli and co-workers [254] also used pulsed high-frequency 3-MHz US, but
it was non-focused, to develop an MRI-guided protocol to observe the release of a
paramagnetic agent from liposomes. The protocol was validated in vivo on mice
inoculated with a B16 melanoma cell line, and it was observed that after 2 min
insonation the MRI signal was enhanced by 35%, confirming the release of the
encapsulated paramagnetic molecule.

Further research and in vivo experiments were conducted and almost all results

were positive and showed the effectiveness of combining US with drug carriers. By
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doing so, the side effects of the therapeutic agents are extensively avoided while the
efficiency of the treatment is enhanced.

It is worth mentioning that, from the review done in this work, it was noticed
that LFUS has an advantage over HFUS in terms of rate of release from normal
liposomes and TSLs especially for in vivo applications. This is explained by the physics
of US. As the frequency increases, the absorption rate of the energy increases which
presents a challenge if HFUS is to be used to cause release from deep sites in the body.
Consequently, to penetrate deeper into the body at high frequencies, the intensity has
to be increased to levels that might be damaging to the human body. The next section

reviews the advantages and the disadvantages of the different types of US in DDSs.

5.3. Advantages and shortcomings of US as a trigger in DDSs

The main goal of the trigger in a DDS is to be able to reach the tumor site
regardless of its location in the body while being as localized as possible. As described
earlier, US used in triggering drug release can be of a low or high frequency nature, and
both have advantages and disadvantages.

An important advantage of LFUS is its higher penetration ability compared to
that of US at higher frequencies. This penetration ability is a derivative of the absorption
constant of the medium at different frequencies and is usually referred to as the skin
depth, which can be calculated using equation (2), which shows an inverse relation
between the penetration depth and the frequency. Hence, as the frequency increases,
the penetration depth decreases. Furthermore, most of the echogenic liposomes were
shown to be more sensitive to LFUS as the waves have the ability to produce much
more energy compared to higher frequency. Also, at lower frequencies, there is a higher
chance of interaction between US and available microbubbles. This is because most of
those bubbles have diameters in the range of micrometers which is very close to the
wavelength of the US wave at lower ranges of frequencies. On the other hand, high
frequencies of US are easily focused either using a lens-like structure or by simply
designing a focused probe. This helps in the treatment of cancer using DDS as the
insonation is required to be localized.

However, according to the literature, US can actually induce cell death as its
intensity increases. For example, Wang and co-workers [255] studied the bioeffects of

increasing intensities of 1.1-MHz US on the myelogenous leukemia cell line K562. It

86



was observed that at intensities of 1 and 2.1 W/cm?, cell death increased to around 14
% and 40.7 %, respectively. The aim of the study was to find the intensity at which US
will induce cell death, and it could be concluded that US can indeed cause harm to
human healthy tissues. Furthermore, HIFU has been recently used as a radiation therapy
against prostate cancer; nonetheless, it was shown to be associated with some side
effects such as urine leakage and possible infections in the prostate area [256].

The literature reports several studies that utilized US to increase the local tissue
temperature and kill cells via hyperthermia. However, the human body is not a smooth
structure. It is composed of layers, solid structures and fluids, which complicates
therapeutic procedures. Fluids are usually filled with gas bubbles through which US
propagation, and hence penetration is restricted. The case is the same with solid tumors.
This non-smooth nature of human tissue presents a challenge when a certain depth is to
be heated to a certain temperature. Reflections, attenuation and absorption occur in
order to heat the tissues at a certain depth, US intensity is sometimes increased to
overcome any obstacles, and this may lead to over-heating the more superficial tissues.
For example, Hayes and co-workers [257] observed that 3- MHz US can heat 0.5 cm
deeper in the tissue than previously reported, which supports the inaccuracies that might
happen when dealing with US.

Until recently, US was thought to be harmless to human tissues, but in the last
few years, more incidents of unwanted side effects have been reported. For example, in
2006, an article published in Midwifery Today [258], discussed the possibility that US
imaging during pregnancy may actually affect embryo development, due to
hyperthermia. A study by Ang and co-workers reported in PNAS [259] showed that
neural migration in mice embryos is affected by exposure to US waves.

These examples, definitely call for further research to make sure that the
ultrasonic parameters (including frequency, power intensity and pulse length) used are

harmless to healthy tissue.

5.4. Liposomes and ultrasound: clinical uses

Many liposomal drugs have been approved for clinical use, and several others
are undergoing clinical trials. However, to the best of our knowledge, no clinical trials
are being conducted to test the combined effects of liposomes and US in cancer

chemotherapy, yet. A phase Il clinical trial named MRI Guided High Intensity Focused

87



Ultrasound (HIFU) and ThermoDox for Palliation of Painful Bone Metastases, has
finished recruiting participants but has not yet begun
(http://clinicaltrials.gov/ct2/show/study/NCT01640847).

The aim of the study is to evaluate whether the combination of HIFU with

ThermoDox® (Dox encapsulated in lysolipid thermosensitive liposomes) can
effectively and safely reduce the pain of patients with bone metastases. Another study
conducted at the University of Oxford aims at studying the targeted delivery of
ThermoDox® by mild hyperthermia induced by HIFU, in patients with liver metastases
from lung, breast or colorectal primary tumors
(https://clinicaltrials.gov/ct2/show/NCT02181075). This trial is currently recruiting

participants.

Some examples of liposomal-based drugs used for cancer therapy that have been
approved for clinical use or are undergoing clinical trials will now be discussed.

The first liposomal formulation that was approved for clinical use in Europe in
1990 (and in 1997, in the USA) was AmBisome [239, 260, 261]. One of the best known
liposomal formulations that was FDA-approved in 1995, for the treatment of Kaposi’s
sarcoma found in AIDS victims, is Doxil/Caelyx [239, 260, 261]. Doxil consists of
PEG-stabilized liposome-encapsulated Dox and is currently used for the treatment of
patients with progressing ovarian cancer and patients with multiple myeloma [260, 262,
263]. Several other liposomal formulations were approved for clinical use, such as
DaunoXome (liposome-encapsulated daunorubicin, used for the treatment of Kaposi’s
sarcoma, FDA-approved in 1996), Myocet (non-PEGylated liposome-encapsulated
Dox, used for the treatment of breast cancer, approved in 2000 in Europe and Canada,
and undergoing clinical trials in the USA), and DepoCyt (liposome-encapsulated
cytosine arabinoside, used for the treatment of lymphoma complications, FDA-
approved in 1999 ) [264]. More recently, the FDA also approved a drug called Margibo
(vincristine sulfate liposome injection) to treat patients with a rare type of
lymphoblastic leukemia [262]. The first commercially available liposomal formulation
of paclitaxel, called Lipusu®, has been approved in China for the treatment of ovarian,
breast, gastric and head and neck cancers [265].

Several liposomal formulations are currently undergoing clinical trials in the
USA, for example: Onco-TCS, liposomal cytarabine, for the treatment of non-Hodgkin

lymphoma (phase I/11 trial); SPI-77, stealth liposomal cisplatin, for the treatment of
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head and neck, and lung cancers (phase 1l trials); and Lipoplatin, liposomal cisplatin,
for the treatment of pancreatic, head and neck, and breast cancers (phase Il trials)
[264]. Paclitaxel formulations undergoing clinical trials have recently been reviewed
by Koudelka and Turanek [265] and Nehate et al. [266]. Babu and co-workers recently
reviewed the state of ongoing or completed clinical trials using liposomal formulations
[262]. Comprehensive information about clinical trials can be retrieved from the US

National Institutes of Health website (http://clinicaltrials.gov/).
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CHAPTER 6: Experimental Work

6.1. Experimental Setup

In this work, the knowledge developed after doing an intensive literature survey
on the topic of drug delivery is used to set up an experimental procedure to test newly
developed liposomal carriers against US with different intensities and frequencies. As
discussed, a drug delivery system is composed of two main parts: the carrier and the
triggering means. The final objective of the whole project is to design liposomes that
are actively targeted and triggered. Those liposomes should be capable of circulating in
the body for a long period and accumulate at the targeted site through passive means
such as the enhanced permeation and retention effect (EPR). Then, once the liposomes
are close to the tumor cells, the active targeting stage starts where in the liposomes are
modified with ligands that can successfully bind to cancer cells while avoiding binding
to healthy cells. Once bounded to a cancer cell, the liposomes are then transported into
the cell across the cell membrane through the process of endocytosis. After ensuring
that almost all the liposomes are inside the tumor cells and only a few are still in the
blood stream, the triggering stage with the aid of ultrasound is initiated. This system is

described in Figure 21.

Ultrasound transducer . .
Skin (outside of the body)

Ultrasonic waves

Tumor cells

Blood stream

Figure 21. Complete drug delivery system explaining the objective of this work.
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However, the objective of this thesis is to design a system that involves
stabilized stealth liposomes loaded with the model drug calcein the release of which is
to be induced using high frequency focused ultrasound in in vitro experiments. This is
considered a step towards the final objective of the whole project. Ultrasound used for
triggering drug release from liposomes can be of high or low frequency. Low frequency
US is known to be effective in triggering the release; however, it is hardly focused,
hence there is a need to test the possibility of using higher frequencies, easily focused,
to function as the trigger. The following results includes drug release experiments done
using 1 and 3 MHz focused US waves; however, due to equipment restrictions, the
experiments had to be done in offline mode. The results also include experiments done
using a 20 kHz US probe which can be used to conduct online experiments. The results
serve as proof of the effectiveness of low frequency ultrasound in inducing release from
acoustically activated liposomes in comparison with high frequency US. Furthermore,
the results of the online experiments are also used for the next part of the thesis; the

modeling and control part discussed in Chapters 7 and 8.

6.2. Expected results based on literature

Positive results are expected when using the 20 kHz frequency ultrasound to
trigger drug release. It is expected that almost all the loaded drug should be released
when using this frequency at low intensities and the rate of release shall increase as the
intensity increases. According to the literature, low frequency ultrasound is expected to
cause transient cavitation which is known to cause release from liposomes. However,
since the chemical formulation of the liposomes used in this experiment is a bit different
from the liposomes found in the literature, a release is expected but the percent release

should be investigated and compared with the literature.

As for the higher frequency acoustic waves, according to the literature, no
release is expected if low intensities are used with normal liposomes. The only
documented release from similar liposomes happened when high intensity focused
ultrasound (HIFU) was used. Hence, in this work, a HIFU transducer from Precision
Acoustics is used to generate similar intensities as mentioned in the literature which are
in the order of a few tens of Watts/cm”2. Nonetheless, the transducer can also deliver
lower intensities which will allow for testing the liposomes at a wide range of power

densities. The release, if any, that happens when using this range of frequencies is
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postulated to be due to either hyperthermia or colloidal reasons, since the high
frequency ultrasound, as discussed earlier, has a very low probability of inducing
transient cavitation. Also, the pressure change expansion mechanism is not possible as
the liposomes used do not contain the nano-emulsions required for it to happen.
Furthermore, when HIFU is used, hyperthermia may be inevitable as high amounts of
energy will be absorbed and converted into heat which makes it a possible reason for
release. Yet, the liposomes used are not of the TSL type which, although hyperthermia
is induced, may not cause the liposomes to release. The last option is the colloidal action
that may occur when using high frequency ultrasound. The liposomes may be driven
harshly into colliding with other liposomes or the sides of the cuvette causing them to
rapture and release their content. So the main focus will be on investigating which is
the most probable reason for the release.

6.3. Methods

The first part deals with creating the liposomal carrier the synthesize
procedure of which was developed by the chemical engineering team of the research
group. This procedure, described below, was adapted in this work to synthesize the

required liposomal samples for the in vitro experiments
6.3.1 Synthesis of PEGylated liposomes

The PEGylated liposomes used in this work were prepared using the
amphiphilic PEG derivative DOPE(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine)-
PEG-pNP, a group that allows the subsequent attachment of protein ligands to the
liposomes. The first step in the procedure was the synthesis of (para-
nitrophenylcarbonyl-PEG-(para-nitrophenylcarbonyl) (pNP-PEG-pNP), by reacting
PEG with two molar equivalents of 4-nitrophenyl chloroformate (p-NPC) in the
presence of dichloromethane and pyridine [267]. DOPE-PEG-pNP was synthesized by
reacting the previously synthesized PEG-(pNP). with one molar equivalent of 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, Avanti Polar Lipids, Inc.,
Alabaster, AL, USA) in dry chloroform in the presence of triethylamine (TEA), in a
protocol modified from that of Torchilin and co-workers. [268] The pNP-PEG-pNP
was dissolved in 32.2 umol of DOPE in chloroform, in a round bottom flask, followed

by the addition of 80 ul of pure TEA (99% concentration), and 5 ml chloroform. The
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mixture was incubated overnight at room temperature, with stirring, under an argon
atmosphere. The chloroform was then removed in a rotary evaporator, and 2 ml of a
0.01 M HCI-0.15 M NaCl were added to hydrate the lipid residue. The solution was
sonicated in a 40 kHz sonicating bath (Elma D-78224, Melrose Park, IL, USA), at full
power for 10 min and the micelles were separated from the unbound PEG and released
PNP, using Sephadex G-25 PD-10 desalting columns (GE Healthcare Life Sciences).
The solution was evaporated in a rotary evaporator at high speeds under a vacuum for
2 h, and the DOPE-PEG-pNP was extracted 4 times with chloroform. The salt residues
were precipitated on ice and removed by centrifugation and the DOPE-PEG-pNP was
stored at -20°C as a chloroform solution, with a concentration of 8.4 mM.

The PEGylated liposomes were then prepared by reacting the DOPE-PEG-pNP
with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Avanti Polar Lipids, Inc.,
Alabaster, AL, USA) and cholesterol (AlfaAesar, Ward Hill, MA, USA), using a molar
ratio of 68:30:2 DPPC-Chol-(DOPE-PEG-pNP). The DOPE-PEG-pNP attaches to the
liposome via its phospholipid residue and, as mentioned, the water-exposed pNP group
can be used in a reaction to bind a variety of amino group-containing ligands and form
stable and non-toxic bonds, making them a convenient tool for protein attachment to
the distal ends of liposome-grafted PEG chains. [268] The liposomes were prepared by
the lipid film hydration method. Upon evaporation of chloroform, the film was hydrated
with a solution of calcein at a self-quenching concentration (~30 mM), with the pH
adjusted to 5.2. The resulting solution was sonicated at 40 kHz at full power for 15 min,
and extruded three times (10-times each) through 0.2 um polycarbonate filters using
the Avanti® mini-extruder (Avanti Polar Lipids, Inc., Alabaster, AL, USA). Afterwards
the liposomes were resuspended in the buffer to be used in the release assays, and
cleaned using Sephadex G-25 PD-10 desalting columns (GE Healthcare Life Sciences,
Pittsburgh, PA, USA). The liposome solution was stored at 4°C until use.

6.3.2. Experimental procedure and result for the high frequency offline experiments

The sample is first diluted in a glass beaker which is fitted inside a cold water
bath to control the temperature of the sample during the offline sonication. The beaker
is placed such that its bottom is sufficiently immersed to cover the whole sample. Then,
an aliquot of the diluted sample is placed into a cuvette that is placed in the flourometer

to measure the initial fluorescence (baseline, Fo) which corresponds to the amount of
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calcein that failed to be encapsulated by any of the liposomes during the synthesis
process. In electrical terms, this free calcein acts like a DC offset that has to be removed.
Therefore, the measured fluorescence level at this setting will act as the baseline for
later measurements. The fluorescence level is measured using a QuantaMaster 30
Fluorescence Spectrofluorometer (Photon Technology International, Birmingham, NJ,
USA), where excitation and emission wavelengths are set at 494 nm and 515 nm
respectively. The baseline serves as a normalization factor by which drug release is
converted into percent release using equation (46). The baseline recording length is 20
seconds at a sampling frequency of 20 samples/seconds, and the average of these data
points is set as (Fo). The aliquot is then returned to the sample so as to be sonicated.

% Drug release = %xwo (46)

The next part of the experiment deals with inducing a release. The main
technique that was used to trigger a drug release is through using ultrasonic waves at
different frequencies and intensities directed towards the tumor site. Triggering is done
using two frequencies: 1 and 3 MHz. Once a release is induced using either of the
frequencies from the liposomes, the fluorescence level is measured again. If it increases,
this indicates that the amount of free calcein increased which means that some of the
liposomes were induced to release some of their content. After that, a detergent called
titron x100 is added to the liposomal solution. This detergent has the ability of
shattering the membrane of any healthy liposomes left in the solution which ensures
that all the calcein is now released. The fluorescence level is measured again and this
level serves as the 100% release.

The ultrasonic probe used to sonicate the samples at 1 MHz (with 5 different
power densities) and 3 MHz (with 6 different power densities) was designed to
specifications at American University of Sharjah (AUS), Sharjah, UAE and
manufactured by (Precision Acoustics, Dorchester, UK). The probe is connected to an
AC amplifier (High Voltage Amplifier WMA — 300, Falco Systems, Amsterdam, The
Netherlands) which takes its input voltage from a function generator (AFG 310,
Tektronix, Beaverton, OR, USA). The probe is fitted just below the surface of the water
in the bath and aligned. The complete setup is shown in Figure 22.
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Figure 22. Experimental setup for sonication of the liposomes from down below

The sonication is then done in a continuous (continuous wave —CW) mood for a total
sonication time of 60 min divided into 4 periods of 15 minutes each. After each
sonication interval, the new fluorescence level (Ft) of an aliquot is measured and the
aliquot is returned to the glass beaker to commence with the next sonication interval.
At the end of the 60 min, 2% (w/v) Tx100 is added to the sample to lyse any remaining
liposomes as described previously, and the percent release is calculated as described
previously. A sample of the results collected is shown in Figure 23.

As can be seen from the sample results presented in figure 23, release is indeed
induced and increases as the time of insonation increases. Hence, the experiment is a
success and is repeated for confirmation and consistency. The experiment is repeated
three times for each intensity and the average drug release is calculated then the release
curve for each frequency at the different intensities is plotted as shown in Figure 24.
Error bars for each measurement are also included in the graphs. The X-axis is the time

and the Y-axis is the release in terms of percentage.
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Figure 23. Sample results showing the fluorescence level against offline sonication for a period of 1
hour divided into 4 equal portions of 15 minutes each.

Table 5. Tabulated results of the sample given in Figure 23

Time Average Fluorescence level

Baseline 36.08

15 minutes of sonication 39.24
30 minutes of sonication 42.13
45 minutes of sonication 44.39
60 minutes of sonication 47.43
Tx100 added 54.87

e % release = current release—baseline +100

Tx100 release—baseline

39.24-36.08
54.87-36.08
42.13-36.08
54.87-36.08
44.39—-36.08
54.87-36.08
47.43-36.08
54.87—-36.08

o For the 15 minutes: x* 100 =16.82 %

o For the 30 minutes: * 100 =32.20 %

o For the 45 minutes: * 100 =44.22 %

o For the 60 minutes: * 100 = 60.40 %
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Figure 24 clearly shows the non-linear, though proportional relation between
the sonication intensity at 1 MHz and drug release. The figure shows the relation
between the percent release and the power densities (10.5, 18.7, 27.6, 39.2 and 50.2
W/cm?). The results obtained at this frequency also show that as the power density
increases, the rate of release as well as the amount of the encapsulated drug released
increases. It is also observed that even with the slightest increase in power density, the
release curve changes. The maximum release achieved after 60 min of sonication at 1
MHz was approximately 57%, when the highest power density was used (50.2 W/cm?).
The differences in percentage release for the different power densities are significantly

different for each time point where the Ttest showed that p<0.05.
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Figure 24. Calcein release kinetics from PEGylated liposomes at pH 7.4 using 1-MHz US.
(A) Calcein release curves at different power (B) Final release (after 60 min insonation) as a function
of power density.
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Figure 25 shows the effect of increasing the power density on the rate of release
at 3 MHz HFUS. Six different power densities, 50.6, 78.5, 94.3, 158.5, 173.3 and 183.0
W/cm? , were used. The results showed a direct relation between intensity and
percentage release for all power densities except for 158.5 and 173.3 W/cm?, as there
was a clear overlap between the two graphs. Otherwise, the results show a significant
difference in drug release for the whole time of insonation at different intensities. The
highest percentage release achieved using 3 MHz was around 68%, obtained at 183.0
W/cm?2,

A —&—50.6 Wicm2 -8~ 78.5 Wicm2 —a— 943 W/cm2
70 4 ——158.5 Wiem2 —£—173.3 Wiem2 . —— 183 W/em2

(F-FOY(Ftx100-F0)
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-10

Time (min)
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70 4

H

{F-FO){Ftx100-F0)

50.6 78.5 94.3 158.5 173.3 183

Power density (W/cm?)

Figure 25. Calcein release kinetics from PEGylated liposomes at pH 7.4 using 3-MHz US.
(A) Calcein release curves at different power densities: (B) Final release (after 60 min insonation) as a
function of power density.

Nevertheless, when comparing the results obtained at 1 and 3 MHz HFUS, it

was observed that a higher percentage release was obtained using the 3 MHz as the
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power densities used at this frequency where significantly higher than the ones used for
the 1 MHz experiments. That is, the 3 MHz probe yields intensities as high as 183
W/cm?, whereas the highest intensity for the 1 MHz was 50.2 W/cm? (which is only
comparable to the lowest intensity used at the 3 MHz HFUS). It can also be observed
that the level of release obtained at 1 MHz for a certain power density, can only be
obtained at 3 MHz when using a higher power intensity. As an example, the lowest
percentage release obtained at 1 MHz was 4.18+0.15%, very similar to the one obtained
at 3 MHz, 4.32+0.16%. However, the power density used at 1 MHz was about ten times
lower than that at 3 MHz, 50.6 versus 10.5 W/cm?. However, when comparing the
results achieved at similar intensities, for example the highest power of the 1 MHz (50.2
W/cm?) and the lowest power of the 3 MHz (50.6 W/cm?), it is obvious that the
maximum release was obtained when the lower US frequency was used (1 MHz). The
difference is quite obvious (55.43+£1.66% at 1 MHz compared to 4.34+0.16%, at 3
MHz), which highlights the advantage and effectivity of lower US frequencies as a
means of inducing drug release. Therefore, higher release would be expected if higher
power densities were used at the 1 MHz experiment.

6.3.3. Experimental procedure for the low frequency online experiments

The same initial procedure was used to prepare the liposomal sample, but
instead of using an external insonation setup, the sample was loaded into a plastic
cuvette which fits into the fluorometer and sonication was done directly from an
opening in the top cover of the meter. The experiment here is done in a continuous
online mode where the US was applied as the fluorescence level was being measured.
For the first 60 seconds, US was kept off. During this period, the fluorescence level was
being measured to serve as the baseline for the experiment. Then, ultrasound was turned
on manually where it started to sonicate continuously for a period of a few seconds,
then switched off for another few seconds. Then it repeats the on-off period until the
maximum level of fluorescence is reached which is indicated by a plateau for at least 2
cycles. Figure 26 shows a sample of the online release curve. This experiment was done
for different intensities and different on-off cycles to examine the effect of those two

parameters on the general release trend.

99



Release in fluorescence units

Release in fluorescence units

8

<—

Release Vs time of sonication

Plateau indicating
maximum release

S
a

&
o

Tx100 added to |
get 100% release

w
L]

=

3 5 6 7 8 10 11 12
Time of insonation in minutes

4

Release Vs time of sonication

E =N
N

'
=

8

:

3

w
L)

Trme of jnsonationjn min\res

Baseline

ON | OFF |ON| OFF |ON | OFF JON | OFF

>

<€

Figure 26. Calcein release curve versus time of sonication. Curve A shows a complete release curve
with the addition of TX-100. Curve B shows a zoomed in version of the release curve for the first 5

minutes.

As can be seen from Figure 26, as the periodic sonication starts, the fluorescence

level increases indicating drug release. For the period of the on cycle, the fluorescence
increases, yet once the off cycle starts, the level stabilizes. This indicates that US is the
main reason for the release from liposomes and once it is not available, no release

occurs. Then, after a period of time, depending on the sonication intensity, the
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fluorescence level plateaus for a few sonication cycles. This indicates that the US is no
longer capable of inducing any further release from the liposomes. Therefore, the
sonication is terminated and Tx100 is added to make sure any remaining liposomes are
lysed and 100% of the loaded drug is released. For the specific example at hand, the
sonication intensity was 30 % of the maximum amplitude equivalent to 11.83 W/cm?.
The sonication was done in 20 seconds on 30 seconds off cycles. The sonication was
carried out until the plateaus took place which was after about 7 minutes of sonication.
The sonication was kept for another 3 minutes to ensure there was no change in the
fluorescence level. After the 10 minutes mark, sonication was terminated, Tx-100 was
added, and the final fluorescence level was recorded. The results indicate that the
baseline was around 27.84 units, the plateau was at around 44.56 units and the Tx-100
release was around 49.64 units. Hence, the percent release was 76.7 % after 10 minutes
of sonication.

Results from other experiments showed behavior consistent with the sample
shown in Figure 26. Differences were significant when intensity was changed
especially in the time needed to reach the plateau stage and slight differences were
noticed in the maximum release achieved. For example, Figure 27 shows another
sample where an amplitude of 20 %, equivalent to 6.08 W/cm? was used in a 10 seconds
on 10 seconds off cycles. As can be seen, it took 13 minutes of sonication at those
settings to reach the plateau and 20 minutes to complete the whole experiment. The
baseline was around 26.12 units, plateaued at 41.48 units, and Tx100 release was
around 46.79 units. The first thing to notice is the consistency, as the baseline and the
Tx100 release for the given two sample results are almost the same. Furthermore, the
percent release for this case was around 74.31 % which is close to that of the first sample
results. So, it can be concluded that the effect of lowering the sonication intensity is

clear on the release rate and the time needed to reach maximum release.
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Figure 27. Calcein release curve when using ultrasound on/off cycle of 10/10 seconds.

6.3.4. Comparison between low and high frequency ultrasound as a triggering
modality

Over all, both high and low frequency US proved to cause release from the
synthesized liposomes; however, the differences are noticeable. When high frequency
US was used, very high power densities were required to cause release, contrary to the
case when 20 kHz was used. For example, in the case of the 1 MHz, the lowest intensity
(10.5 W/cm?) resulted in around 5 % release after 1 full hour of sonication, while an
intensity of 11.83 W/cm? for the 20 kHz was able to reach 77% release after only 10
minutes of sonication. Hence, the higher the US frequency used, the higher the power
densities needed to cause acceptable levels of release.

Another shortcoming of high frequency US is the long period of sonication
needed. In the case of the 1 MHz, even after 60 minutes of sonication at all the
intensities used, no clear plateau was reached. On the other hand, for the case of the 3
MHz, only the highest intensity used showed a clear plateau after 30 minutes while
others did not even after 60 minutes of sonication. Furthermore, it was noticed that,
unlike the case of low frequency, not all intensities for the high frequency converged to
the same maximum release. Some of the power densities were not enough to cause
much damage, while others were harsh on the liposomes leading to a somewhat fast

release rate.
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All in all, the results are in agreement with the fact that the release decreases as
the US frequency increases (taking the intensity into consideration).[24, 269] As the
frequency decreases, so does collapse cavitation, and thus, the mechanical index (Ml
the peak negative pressure of the US wave divided by the square root of the centre
frequency of the wave) increases, which leads to an increase in the rate of release
(taking the intensity in consideration) [270]. It is clear from the sample results provided
that using lower frequency US is better in terms of the time and power density needed
to reach maximum release; also, between the 1 and 3 MHz US, the 1 MHz showed

better results regarding that fact.
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CHAPTER 7: Modeling and Control

So far in this thesis, the discussion was focused on the idea of synthesizing a
liposomal carrier that is triggered using US and testing it against US of different
frequencies and intensities. In this chapter and the one after however, the discussion
will be shifted towards an application in which the experimental data can be used. This
application is to develop a system in which drug release can be controlled automatically
such that the output follows a desired target. To do this, a literature review on modeling
and control is presented in this chapter and in the next chapter, the results of the control
system are listed.

As was seen from the low frequency real time in vitro experiments, when the
liposomes are sonicated, they release their content gradually following certain
dynamics behavior. Using some modeling techniques, this behavior can be captured as
a model that can be used to predict the drug release for a wider range of US frequencies,
intensities, and drug concentrations. Such models can eliminate the need for further lab
work to determine the behavior at any new operating conditions. In this thesis, the
modeling technique of choice was an artificial neural network (ANN), the background

of which is given below.

7.1. Background on Neural Networks Modeling

Neural networks is a technique developed around the middle of the 20™" century
thought to help scientists understand how the human nervous system functions. The
idea that sensory sites distributed throughout the human body collected data and sent it
to a centralized processing unit (the brain) was of a great interest and inspired many
who were seeking to develop outstanding solutions to many of the everyday problems.
Based on the collected data, the brain can identify a certain place, associate a certain
scent with a specific perfume, classify different objects, and forecast possible events
and many others. Hence, scientist tried to understand how the brain does that and the
answer was it is trained based on the input data. That was the turning point at which the
idea of artificial neural networks first originated in an attempt to develop mathematical
processes capable of learning from input data and accordinglyperforming a certain
activity. Soon, the applications that used ANN included system identification, pattern

recognition, system control, classification and many others.
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There are many types of ANNs based on their topology. ANNSs can be classified
into feedforward neural networks (FFNN), radial basis function network (RBFN), self-
organizing network, recurrent neural network, physical neural network, and many
others; nonetheless, FFNNs are the most widely used and are the topology of the
network used in this work. There are two categories of FFNNs: single layer and multi-
layer networks. The single layer FFNN is considered to be the simplest network of this
type where there is only one output layer and the inputs are fed into it directly through
a set of weights. The neurons in this output layer are referred to as linear threshold
neurons as the output is either a 1 or a 0 based on the state of the neuron; 1 means the
input activated the neuron, 0 means the neuron was not activated. This form of the
FFNN is not very useful when dealing with complex processes. A more useful form is
the multi-layer FFNN.

A multi-layer FFNN is composed of a multi-layered structure that has an input
layer and an output layer with at least one intermediate layer referred to as a hidden
layer. Each layer is composed of multiple neurons (weights) that are based on a certain
activation function; the most widely used are tansig, logsig, pureline and Gaussian. The
job of these activation functions is to give a hint to the NN about how the input data
might look like. So, if the data is linear, the pureline activation function is the best one
to use in terms of simplicity and performance. On the other hand, if the data is Gaussian
and the activation function used is linear, the system might not be able to produce
acceptable results. Some systems might have complex behavior that might not be
modeled with a single activation function, therefore, more hidden layers can be added
with different activation functions until the performance is satisfactory. Also, within
the same hidden layer, neurons might have different activation functions as long as they
enhance the performance (yet this is still not a so popular practice). So, by setting up a
NN system with multiple layers, each layer should be connected to the next in away
such that each neuron has at least one connection with another neuron from the next
layer in a feedforward mode with no back propagated signals. An example of a simple
multi-layer NN structure is given in Figure 28. In this work, there are two applications
in which a FFNN is used. The first is to perform system identification and modeling

and the second is to build a model predictive controller.
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Figure 28. The structure of the simple neural network. This network has one input layer with two
neurons, one output layer with one neuron and one hidden layer with 4 neurons with variable activation
functions.

For the first application, the process by which an FFNN is used involves two
stages. The first stage is the training stage. As is the case with any system identification,
the system at hand is dealt with as a box that has input and output ports. To identify the
system transfer function, the input is excited with a known input signal and the output
is captured. Then by finding the output over the input equation, the transfer function of
the box is identified.

The same procedure is followed when using NNs to do system identification.
First, the system is excited with a known input then the corresponding output is
captured. After that, the input and output data are used to train the NN. There are many
methods by which the network can be trained. The most used method is based on
backpropagation training. Initially, the data is divided into three sets: training,
validation, and testing. The training data is first fed into the input layer of the NN. Then,
based on the specified number of delays, at least 1, the output is fed back to the input
layer from the output layer. While this process is running, the NN tries to adjust its

neurons such that the output is similar to the intended output that was previously
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captured from the actual system. This output is referred to as the targets. This process
will keep going until all the training data is exhausted.

After that, the validation data is fed into the input layer of the trained network.
The output due to the validation data is then compared with the corresponding targets
and the error is calculated which is usually based on the mean squared error. If the error
is above a specified threshold, the network is declared as usable and is then tested using
the third set of data, the testing data for a final check. By this, the final tested network
is considered to be equivalent to the transfer function of the real system and can be used
as its model. It is worth mentioning that the more complex the system being identified,
the more data needed to perform system identification using neural networks. An
example of a back propagated training network is shown in Figure 29. Although, this
training process might be enough for most application, a further training step called
open loop training is usually utilized to assert the accuracy of the model compared to

the actual system.

Figure 29. Back propagation training of neural networks with a delay of 2 samples.

As can be understood so far, the size of the network has to be determined before
going into the training step. This is where the number of hidden layers and the number
of neurons per layer are determined. Also, the type of activation functions have to be
determined. All of those parameters are crucial to the network performance; hence, the
structure must be optimized to best suit the input data while avoiding over fitting or
under fitting. The number of layers and neurons affects the fitting of the system. If too
many are used, over fitting may occur in which the performance of the network might

be close to perfect for the training data while being almost useless for other data. On
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the other hand, using an insufficient number of neurons might lead to under fitting
which means the network performance is poor for training and testing data.

As for the second application in which FFNNs are used in this work (controller
design), the same modeling procedure is used but the network is trained as a part of a
whole system that has a plant model that is controlled by a predictive controller which
tries to derive the output of the plant to follow a certain reference signal. This system

is referred to as a model predictive controller and is introduced in the next section.

7.2. Model Predictive Controlling

As the name suggests, the controller predicts the proper movements based on a
pre-loaded model. An MPC is made up of three main blocks namely: controlled plant,
inverse plant model and optimizer. A schematic of a simple MPC is given in Figure 30.
In essence, the way the controller works is based on feedback from the controlled plant
which is compared to a reference input that the plant is supposed to follow. The
controlling is done through creating an internal model which in some way can be
regarded as an inverse model of the controlled plant. Hence, the output of the plant is
fed back into the inverse model which then suggests the correct input that should be fed
into the plant. The correction to the output of the controller is done through an
optimization block which works as a match making device between the reference and
the feedback signal.

First, the plant is initiated with an arbitrary input close to the starting values
from the reference. Based on this input, the plant will produce an output which is fed
into the inverse plant model through the feedback signal line. In the inverse model, the
corresponding input will be calculated and fed into the optimizer. The optimizer
however, already knows what the next input to the plant should be based on the
reference given to it. However, this input is modified based on the signal coming from
the inverse model to ensure the plant is following the targeted output.

For example, based on the reference, the first output to the plant should be 2
volts such that the plant will produce an output of 10 volts. Then, in the next step, the
optimizer assumes the second input should be 5 volts as dictated by the reference signal.
However, assume that from the previous feedback, the plant output was 8 volts instead
of 10. This 8 is fed into the inverse model which calculates the corresponding input

which happens to be 1.8 volt rather than the original 2 volts. So, these 1.8 volts are fed
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to the optimizer which understands that the plant output is lagging the reference by a 2
volt difference. Therefore, the next input should be a value higher than the supposed 5
volts such that the output of the plant is forced back on track, so the plant is supplied
by 6 volts instead. The optimizer then awaits the next feedback from the plant to see if
there are any differences between it and the reference signal. If there is a difference, it
tries to adjust the input again. This process is continued until the reference signal is
completely covered. In practice though, the MPC is programmed to calculate more than
one future controller step referred to as the controller prediction horizon. In this work,
the MPC used has its inverse model designed using a FFNN hence the total system is
called NN-MPC which is explained in the Chapter 8.

MPC

Reference Optimizer

\ 4

Controlled Plant

\ 4

Inverse plant

v

model

Feedback

Figure 30. Basic components of a model predictive controller. It consists of a controlled plant from
which an inverse model is derived to be used inside the MPC along with an optimizer such that the
output follows the reference signal at the input.
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CHAPTER 8: NN-MPC and Results

8.1. Procedure and Setup

As mentioned, the MPC that is designed for the purpose of this thesis is based
on neural networks. To shed some light on the purpose of using an MPC, imagine the
following example. A medical doctor diagnosed a patient with cancer and referred him
to chemotherapy using liposomes as carriers and ultrasound as the trigger. However,
the way the drug should be administered is subjected to the following requirements:

e The sonication power density should not exceed 10 W/cm?
e The time of sonication should be around 3 minutes in total

e Based on the injected dosage, only 60 % of the content should be released at the

end

To comply with the above constraints, experimental work should be conducted
to figure out how the US should be operated throughout the sonication time. For
example, sonicated for 1 minutes with a 30 on 30 off cycle and power density of 10
W/cm? then for the next minute, sonicate at 5 W/cm? with 10 on 10 off cycles and for
the third minute, sonicate continuously at 3 W/cm? . Unfortunately, if such lab work
must be done to figure out the US behavior to achieve the required release, it won’t be
efficient. Even if the data collection is possible, the lab work is done in vitro. When
moving to real life, many parameters could change making the assumed US trend
inadequate. Furthermore, if the US settings are to be followed as suggested by the lab
work, a control system with a feedback controller has to be used to make sure the release
is on track which is why an NN-MPC is used here.

Hence, to explain the setup briefly, the patient will be treated with liposomes
with a certain drug concentration out of which a certain percentage should be release
through the use of US as a trigger. By employing an MPC the need for further
experimentation is avoided. Everything can be automated. All that is needed is for the
medical doctor to specify the constraints. Referring to Figure 30, the model of the body
of the patient under treatment can be used as the plant. The feedback can be taken from
a sensor that measures the instantaneous drug release level and sends it to the inverse
plant model. The inverse plant model is a generalized model of the human body that is

developed by using an FFNN trained with the experimental data collected for input-
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output relation. Then, by finding a reference release curve to be fed to the optimizer,
the NN-MPC is ready for work. Below is a step by step explanation of the developed
system.

Step 1:

Since, in this work, everything is simulation, there was no patient to replace the
plant. Therefore, a simulated model was used instead. This plant model was found using
neural networks where the input was a square pulsed wave mimicking the periods
during which US was on or off as shown in Figure 31.

Ultrasound mimicking pulses
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Figure 31. Square pulses indicating the periods at which the US is on or off as well as what power
density is being used. The x-axis shows samples which can be converted into minutes and seconds by
dividing by the sampling frequency 600.

Then, the corresponding release curve found in the lab from three runs is
placed into an array along with the above pulses forming an input-output array. This
array is fed to the neural network to find a model for this system where
backpropagation was used in the training with a delay of 2 samples. Figure 32 shows

the US pulses against the release curves.
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Ultrasound and corresponding release
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Figure 32. The mimicking US pulses plotted against the corresponding release curve. There are three
release curve all were collected in vitro and they were consistent.

However, as can be seen, the collected release data is noisy which may cause
trouble for the NN. Therefore, sgolay filter was used to clean and smooth the signal
before the NN. Then the cleaned signal was fed to the NN and the developed model
was found to have very minimal error. Figure 33 shows the final model with the error.
The error was very minimal, in the range of 0.01 %, which indicates how well the model
fits the system. This model was exported into Simulink to be used as the plant as a part
of the final MPC. This model simulates the response of drug release in a real patient as
it responds to US intensity as its input and produces the drug level as its output.
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Figure 33. The release curve after cleaning and fitting using NN back propagated training. The error of
the fitting is shown to be between 1%

Step 2:

The next part of this system is to find a way to predict the release curve for any
doctors’ defined constraints such as the example given earlier. In the database collected,
only specific values of the parameters were tested, so any constraints that were not
tested will not have a corresponding release curve. To estimate any curve from the
existing curves, a MATLAB code was developed just to do that which is included in
Appendix A. The code takes in an input that specifies the total sonication time in
minutes and seconds as well as the expected final release. Then, using a lookup table,
the curves that have the closest release value at the specified time are chosen and saved
into a new array. Those curves will serve as the initial guess from which the correct
release curve will be deduced. The program will then save the corresponding US
parameters and behavior that caused each release curve (strictly speaking, the intensity
and on/off periods). After that, through interpolation, new intermediate parameters are
produced. From those parameters, a new US operation pattern will be created and
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assumed to be the pattern that should be followed to fulfill the requirements of the

doctor.
Step 3:

It is worth highlighting that the reference signal should be the signal that we
wish the output of the plant to follow. Therefore, what was found in step 2 cannot serve
as the reference rather the matching release curve is what is needed. To find this release
curve, a generalized model is generated. This generalized model is created using all the
collected data from different experiments. It incorporates US with different intensities
and duty cycles as well as different sample concentrations. All the data was initially
smoothed and then down sampled to reduce the mathematical complexity. All input
signals were stored in an input matrix while all the output data were stored in another
matrix. Then, with the aid of matrix inversion, the generalized model was found. The

following equations help in understanding the process used.

Output = input * model (47)
: Model = 242X (48)
input

But since we are dealing with matrices, the division is done using matrix inversion
Model = Inverse(input) * Output (49)

Consequently, the generalized model can be now used to predict the output of a
given input. Hence, the interpolated US operating pattern is used as the input to the
model to find the corresponding release curve which can be used as the reference to the
optimizer of the MPC. All processing was done using a MATLAB code that can be
found in Appendix A.

Step 4:

After finding the simulated plant and the reference signal, what is left is to find
the inverse plant model which is placed inside the MPC. To do so, a release curve was
recorded while varying the US intensity and duty cycle on the run. This curve allows
for the development of a somewhat flexible model that can follow changes in the output

and relate them to intensity and on/off cycle. Then, the input and output curves were
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used to train the NN using the backpropagation method. This step was done by using
the already made block in Simulink called NN-MPC shown in Figure 34.

NN Predictive Controller

Figure 34. Simulink block of the NN predictive controller used to build the NN-MPC.

By combining the above four steps, a system was developed that can control
US intensity and on-off cycles such that it follows a certain release behavior based on
a feedback from a simulated plant. Figure 35 shows the full system.
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Figure 35. Full NN-MPC system setup. The system consists of an MPC block, an NN model of the
controlled plant (patient’s body) and the reference signal.
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8.2. Sample results

For the following, the program was tested for the following constraints:

e US power density should not exceed 7 W/cm?
e Final percent release should be around 46 %

e Total time of insonation should be 4 minutes and 10 seconds

First those constraints were fed into MATLAB code 1 to find the best matching
release curves from the database. There happened to be two US settings that could
achieve 46% release in 4 minutes and 10 seconds which are shown in Figure 37 (A).
Based on the sampling frequency of the fluorometer used to create the database which
was 10 samples per second, the 4 minutes and 10 seconds are equivalent to 2500
samples. As shown in the figure, at the 2500 mark, both curves are close to the 46 %
release but not exactly at it. Therefore, by interpolating both curves based on proximity,
an average curve can be found to better match the requirements which are shown in

Figure 37 (B). This curve will be used as the reference curve in the MPC.
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Figure 36. Finding the reference curve out from the data base of collected release curves. Shows the
closest curves from the data base that satisfy the constraints of the doctor.
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Figure 37. Finding the reference curve out from the data base of collected release curves. Shows the
interpolated curve that shall be used as the proper reference in the MPC.

Furthermore, the corresponding US pattern was found using the generalized
model explained in step 3 earlier. The pattern was as shown in Figure 38. This pattern
is the ideal pattern by which the US should be operating under perfect conditions
assuming the feedback signal from the controlled plant is exactly like the reference
signal. Notice that the power density did not exceed 7 W/cm2 which satisfies the
constraints.

Now, after finding the plant model and the inverse plant model from which the
complete MPC was constructed, the above reference curve was used as the input to the
optimizer and the program was started. Figure 39 shows the reference signal, while
Figure 40 shows the corresponding output signal from the plant. As for figure 41, it

shows the US pattern used by the controller to create this output.
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Figure 38. The proposed US pattern that shall be used in case of ideal performance to achieve an output
that exactly follows the reference signal
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Figure 39. Sample results from the NN-MPC. Shows the reference signal according to which the
controller shall produce the right US pattern that will ensure producing a matching output.
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Plant Output
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Figure 40. Sample results from the NN-MPC. Shows the corresponding system output from the
controlled plant.
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Figure 41. Sample results from the NN-MPC. Shows the controller moves based on the feedback and
the reference.
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The results show that the US intensity used did not exceed 7 W/cm2. The
controller was able to follow the reference and correct for any lags or differences as can
be seen when comparing the reference and the output curves. Also, after the 2500
sample mark, which is equivalent to 4 minutes and 10 seconds, the output curve shows
a release of exactly 46 %. However, the system kept running for around 30 more
seconds just to make sure it totally followed the reference curve. Over all, the results
show how accurate all the models are, as well as proving the competency of the
designed controller.
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CHAPTER 9: Conclusion and Recommendation

In this work, a full review on liposomal carriers and the different triggering
techniques was presented with a focus on ultrasound as a potential trigger. Also, the
work includes the development of a liposomal carrier in the labs of the university which
were used to conduct in vitro experiments. The liposomes were loaded with the model
drug calcein which is fluorescent. The liposomes were subjected to US with various
intensities ranging from 6 to 150 W/cm? at various frequencies (20 kHz, 1 MHz and 3
MHz). The release was monitored for each setting and at the end the results were
compared. It was found that at lower frequencies, less power density is needed to cause
the release. This is why, the least and slowest release was achieved when using 3 MHz
US and relatively high power densities. However, in the case of the 20 kHz, the
maximum release was achieved in less than a quarter of the time and at comparatively
low power densities. However, the advantage of high frequency US is the capability of
focusing the beam. Furthermore, the work included modeling of the kinetics of the
release as well as designing model predictive controller that will help in eliminating the
need for exhaustive lab experiments.

As for the future of this work, more in vitro tests and data collection should be
conducted to increase the database of release curves which will help in refining the
modeling and control parts of the work. Hence, after finishing the in vitro tests
(including experiments on cell cultures) and verifying the results, the data about the
frequencies and the corresponding intensities shall be tabulated and saved to be used
for further modeling. From this table, the required intensity at each frequency will be
noted and, when combined with a proper model for the human body, can be used to
determine the necessary power density that shall be sufficient to cause a certain release
when conducting in vivo studies and animal work. The applied intensity should take
into account the losses that will happen as the wave propagates through the layers of
the body until it reaches the tumor site and cause the liposomes to release. As shown in
Figure 9, the applied ultrasound will have to penetrate the skin layer, then the fat and
muscle layers before it reaches the tumor especially in the case of breast, colorecatal
and cervical tumors. A detailed analysis of the reflection losses that happen due to
impedance mismatches between those different layers shall be done even if only on a

simplified model just to serve as an initial guess for the correct intensity.
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Also, other transducer arrangements might be considered in an attempt to
decrease the hyperthermia effect that can be induced along the way if a single element
transducer is used. For example, instead of using a single transducer perpendicular to
the surface of the skin, multiple transducers can be used at different locations where
their produced waves add destructively everywhere except at the tumor site. This will
stop the layers of the body from absorbing enough energy and converting it into heat
that may cause tissue ablation.

Furthermore, other frequencies and intensities might be tried and compared to
the results of this work in a search for optimal US settings. Also, it is very critical to
take into consideration the range of frequencies and intensities that are classified as safe
to be used on the human body and the maximum time of sonication that the human body
can tolerate. All those factors will affect the future of this work. Assuming, from in
vitro studies, the frequency and power density required to induce release from the
synthesized liposomes are not within the usable ranges, then what was developed is not
usable on humans. So, other intensities and frequencies should be tried as well as
different liposomal compositions that might prove to be more sensitive to the acoustic

waVves.
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Appendix A

$MATLAB code 1 used to find the right reference curve for the NN-
MPC

clc

close all

lookup =[runl(:,3) run2(:,3) run3(:,3) rund(:,3) runb(:,3)
run6(:,3) run7(:,3) run8(:,3) run9(:,3)1;

r = input('please specify the time in minutes and second and the
release out of 100 in square brakets like [3 50 45] ")

s = 1;
while (s~=0)
if (r(1,3)<65 && r(1,3)>0) && (r(l,1)<=4 && r(l,1)>0) &&
(r(1,2)>59 || r(l,2)<0)
disp('please make sure the seconds is between 0 and 59'")
r(l,2) = input('please specify adjust the seconds ')
elseif (r(1,3)<100 && r(1,3)>20) && (r(1l,1)>4 || r(l,1)<0) &&
(r(1,2)<59 && r(1,2)>=0)
disp('please make sure minutes is between 0 and 4"'")
r(l,1) = input('please specify min ')
elseif (r(l1,3)>65 || r(l,3)<0) && (r(l,1)<=4 && r(1l,1)>0) &&
(r(1,2)<59 && r(1,2)>=0)

disp('please make sure the release is a number out of
65")

r(l,3) = input('please specify the release out of 65 ")
elseif (r(1,3)>65 || r(1,3)<0) && (r(l,1)>4 || r(1,1)<0) &&
(r(1,2)<59 && r(1,2)>=0)

disp('please make sure the release is a number out of 65
and the minutes is between 0 and 4'")

rm = input('please specify the minuts and the release
[minutes release]')

r(l,1) = rm(1,1);

r(l,3) = rm(1,2);
elseif (r(1,3)>65 || r(l,3)<0) && (r(l,1)<=4 && r(1l,1)>0) &&
(r(1,2)>59 || r(1,2)<0)

disp('please make sure the release is a number out of 65
and the seconds is between 0 and 59'")

rs = input('please specify the seconds and the release
[seconds release]')
r(l,2) = rs(l,1);
r(l,3) = rs(1l,2);
elseif (r(l,3)<65 && r(1,3)>0) && (r(1,1)>4 || r(l,1)<0) &&
(r(1,2)>59 || r(l1,2)<0)

disp('please make sure the min is between 0 and 4 and the
seconds 1is between 0 and 59')

ms = input ('please specify the minutes and seconds
[minutes seconds]')

r(l,1) = ms(1,1);

r(l,2) = ms(1,2);
else

s = 0;

end
end
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%$%%% time conversion %%%%
if r(l,1) == 4 && r(1,2)>40
disp ('The maximum allowed time is 4:40 min and the requested is
larger than that')
disp(' so the value will be assumed to be 4:40 min automically')
r(l,2) = 40
end
tim = r(1,1)*600+xr(1,2)*10;
lookinto = lookup(tim, :);
for i = 1l:length(lookinto)
diff (i) = abs(r(1l,3)-lookinto(i));

end

[row column] = min(diff)
diff(l1,column) = 100;
[row2 column2] = min(diff)

closest = [column column?];
2)) max(run2(:,2)) max(run3(:,2))

,2)) max(run6(:,2)) max(run7(:,2))
2

V)1

intensity = [max(runl(:,
max (rund (:,2)) max (runb (
max (run8(:,2)) max (run9 (

coo

%%% diff in percentage
diff per =row+row2;
perl = row/diff per;
per2= row2/diff per;

14
o9
3]

merged intens = intensity(column) * perl + intensity(column2) *
per2;

$%%%% duty cycle merged $%%%%

dutyon = [20 20 20 20 10 10 10 10 101;

duty merg on = (dutyon (column)*perl+dutyon(column2) *per2)*10;
duty merg on = round(duty merg on);

dutyoff = [10 10 10 10 10 10 10 10 107,

duty merg off = (dutyoff (column)*perl+dutyoff (column2) *per2)*10;

duty merg off = round(duty merg off);

totalduty = duty merg on+duty merg off;

%$%%%% reconstruction %%%%%%%

number of pulses = round(tim/totalduty);

matr = zeros(1l,totalduty):;

matr (:,1l:duty merg on) = merged intens;
pulsedsignal = repmat (matr,1l,number of pulses);
figure

plot (pulsedsignal)

%%%% construct method 2 %%%%%

xrecon =[runl(:,2) run2(:,2) run3(:,2) rund(:,2) runb5(:,2) run6(:,2)
run7(:,2) run8(:,2) run9(:,2)1;

w = pinv(xrecon')*lookup';

z = run3(:,2) "*w;

w2 = pinv(lookup(l:tim,:) ') *xrecon(l:tim,:)"';

averagecurve = (lookup(l:tim,column)+lookup(l:tim,column?))/2;

z2 = averagecurve'*w2;
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$%%%% Ploting results %%%%%%

figure

plot (lookup(:,column), 'go')

hold on

plot (lookup(:,column?), 'r'")

title('Curves closest to the targetted output')

figure

plot (averagecurve)

hold on

plot (lookup(l:tim,column), 'r'")

plot (lookup(l:tim,column2), 'g')

title ('Averagecurve')

legend ('Interpolated curve', 'close graph 1','close graph 2'")
figure

plot (pulsedsignal)

title('Pulses of the refernce signal using weighted averaging')
figure

plot (z)

title ('Just and Example of reverse model reconstruction')
figure

plot (z2)

title('reconstruction')

legend ('reconstructed graph for the reference US signal')
xlabel ('Time units'")

ylabel ('Intensity W/cm"2")
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Q

% MATLAB code 2 used to prepare the data for the controller

close all

T = averagecurve';
d =5;

X = z22;

figure

plot (X)

hold on
plot (T, 'r")

X = num2cell (X);

T = num2cell (T);

net = narxnet(l:d,1:d,[4,10]);

net.numlayers = 3;

net.layers{l}.transferFcn = 'logsig';

net.layers{2}.transferFcn = 'tansig';

net.layers{3}.transferFcn = 'purelin';
net.trainParam.epochs=10000; % Maximum number of epochs

o

net.trainParam.show=50;
progress
net.trainParam.lr=0.1;
net.trainParam.goal=1le-9;
net.trainParam.min grad=1le-10;
net.trainParam.mem reduc=1l;
net.trainParam.mu max=1e100;
[Xs,Xi,Ai1,Ts] = preparets(net,X,{},T);
net = train(net,Xs,Ts,Xi,Ail);

)

% view (net)

Period of showing calculation

o°

Algorithm learning rate
Optimisation goal

Minimum gradient

Memory reduction parameter

o oP

o

vy net (Xs,Xi,Al);

% [yy,Xfo,Afo] = net (Xs,Xi,Ail);

netc = closeloop (net);

% [netc,Xic,Aic] = closeloop (net,Xfo,Afo);
% view (netc)

[Xs2,Xi2,Ai2,Ts] = preparets(netc,X,{},T);
yp = netc(Xs2,Xi2,Ai2);

% [yp,Xfc,Afc] = netc(Xs2,Xic,Aic);

figure

plot(cell2mat (yy))

figure

plot(cell2mat (yp),'r")

[sysName,netName] = gensim(netc, 'InputMode', 'Workspace', ...
'OutputMode', 'WorkSpace', 'SolverMode', "Discrete');
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