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Abstract

Chemotherapy is frequently used in cancer treatment. However, side effects associated
with this type of treatment are often detrimental to the patient’s health. This thesis
discusses a novel approach of delivering a cytotoxic drug to tumor without affecting
adjacent healthy tissues, thus minimizing the adverse side effects of conventional
chemotherapy. Liposomes are nanocarriers used to encapsulate and deliver certain
cytotoxic agents (e.g., doxorubicin) to malignant cells. Moieties can be attached to the
liposome surface to target them to specific cancer cells, by interaction with specific cell
membrane receptors. Once there, a stimulus, such as ultrasound can be used as a trigger
to release the drug from these nanovehicles. In this study, estrone-targeted and non-
targeted liposomes, encapsulating the model drug calcein, were synthesized. Estrone-
targeted liposomes are promising delivery vehicles for breast cancer treatment, since
most breast cancer cells overexpress receptors for this hormone. The sizes of the
liposomes were determined by dynamic light scattering, and both were characterized as
large unilamellar vesicles, with non-significant differences between them. The release
from the synthesized liposomes triggered by ultrasound waves at low frequency (20
kHz) and high frequency (1.07 and 3.24 MHz), at several power densities, was
determined by monitoring the changes in calcein fluorescence, using a
spectrofluorometer. The final release at low frequency did not show a significant
difference between both types of liposomes, when compared at the same power density,
but the initial release rate, measured as the fluorescence increase after the first US pulses
at 6.08 and 11.83 W/cm? power densities, was significantly higher for targeted
liposomes. Increasing power densities showed a significant effect on release for both
types of liposomes during the first two US pulses, but the final release for non-targeted
liposomes showed a different response to power density as compared to targeted
liposomes. Finally, the release for higher frequencies significantly increased with
increasing power density, for both liposome type, but did not show a significant

difference when both types were compared at the same power density and frequency.

Search Terms: Drug delivery, ultrasound, liposomes, estrone, breast cancer, LFUS,
HFUS.
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Chapter 1: Introduction

A recent study conducted by the American Cancer Society estimated the
number of new cancer cases and cancer deaths in 2014 in the US as 1,665,540 and
585,720 for men and women, respectively (for all types of cancer, except basal cell and
squamous cell skin cancers) [1]. According to these statistics, cancer is the second major

cause of death in the US, following heart diseases [2].

Cancer is a disease caused by an abnormal, uncontrolled cell growth. Cancer,
also known as a malignant tumor, is characterized by the fact that cells spread either by
invasion or metastasis [3]. On the other hand, benign tumors are localized and less
threatening than cancer. Normally, healthy cells follow a regular path of growth, division
and apoptosis (programmed cell death) [4]. On the contrary, cancer cells do not undergo
apoptosis, but they continuously keep growing and dividing due to DNA mutation that
hinders the function of genes involved in cell division [4]. Genes responsible for cell
division are of four types [3]:

i. Suicide Genes: control apoptosis.
ii. Oncogenes: determine when cells should divide.
iii.  Tumor Suppressor Genes: regulate transcription, cell division, cell
differentiation, and cell death.

iv. DNA-Repair Genes: repair damaged DNA.

Researchers in oncology invested great effort in understanding cancer and
developing various treatments to minimize the number of deaths due to its being
potentially fatal disease. Some of these treatments include surgery, chemotherapy,
hyperthermia, radiation and targeted therapies [5]. Remarkable efforts have been made
over the past century to make the treatment less painful and with fewer side effects. For
example, in 1880s, Dr. William Halsted pioneered a surgical approach to treat breast
cancer through radical mastectomy, which consists of the removal of the whole affected
breast(s) with the surrounding lymph nodes and chest muscles [5]. After almost two
decades, and in an attempt to approach a less invasive technique, radioactive materials
were implanted close to the tumor site to treat it, a procedure termed “brachytherapy”.
In 1971, another approach known as “total mastectomy” was implemented for early-

stage breast cancer where the entire breast is removed excluding the muscle tissues and
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lymph node. This last surgery is superior over the previous treatments since it involves
less pain and is associated with the speedy recovery of the patient. It was also found that
a combination of different modalities is beneficial. For instance, Drs. Fisher and
Bonadonnav [5] found that adjuvant chemotherapy, an approach where chemotherapy is
applied after a surgery, can prolong the lives of early-stage breast cancer patients up to
five years. Finally, in 1998, the first targeted anti-breast cancer therapy, Herceptin, was
approved as an adjuvant therapy for women diagnosed with early-stage HER2-positive
breast cancer. Herceptin, a monoclonal antibody (MADb), was shown to reduce the
recurrence of cancer by more than 50 % after two trials when it is added to chemotherapy
[5]. Thus, targeted therapy has elevated the standard of care to a more advanced level
with better relief and fewer detrimental side effects.

Chemotherapy can treat many types of cancer, since it consists of antineoplastic
agents of different classes and modes of action [6]. Chemotherapy targets fast growing
cells including tumor cells, hair follicles, cells lining the mouth and digestive track [7].
Thus, some of the side effects of chemotherapy are hair loss and diarrhea. Cytotoxic
agents do not distinguish between normal cells and malignant cells, affecting both
equally, leading to various side effects including nausea, vomiting, fatigue and appetite
loss [6, 8]. Therefore, researchers developed an innovative approach to make the
treatment more targeted and less invasive - the so-called “targeted therapies.” These
therapies are intended to attack a specific target in the cell which inhibits the growth
pathways [4]. Targeted therapies are classified into therapeutic monoclonal antibodies
and small molecules [9]. Therapeutic monoclonal antibodies are more targeted than
small molecules, since they bind to particular antigens located on the surface of the cell.
Additionally, antibody-based drugs have a long half-life (2-3 weeks) which allows them
to treat chronic diseases. The mechanism of targeted therapies is based on the blockage
of the growth factor receptors, and hence blocking the signals responsible for cancer
growth [4]. Also, researchers found that nanoscale therapeutic carriers can be combined
with ultrasound (US) as a triggering technique, to deliver cytotoxic agents to specific
tissues or cells using an appropriate ultrasonic frequency, power density and other
acoustic factors [10]. The technique of using nanocarriers in conjunction with a trigger,
known as a drug delivery system (DDS), can enhance pharmacological properties by
modifying drug pharmacokinetics and biodistribution [11]. The nanoparticles used in

DDS include micelles, liposomes, dendrimers and other polymeric-based systems [11].
14



In this work, estrone-anchored liposomes were synthesized and studied, as part
of a strategy to target breast cancer cells that overexpress estrogen receptors (ERS).
Estrone is a steroidal hormone with various functionalities. Research has shown that
almost two-thirds of breast cancer overexpress estrogen receptors [12]. Additionally, it
has been reported that the binding of estrogen hormones to their receptors in cancer cells
increases cell division and leads to DNA mutation [13]. And in order to achieve the aim

of this thesis, the following tasks will be performed:

1) The synthesis of estrone-cyanuric anchored stealth liposomes.

2) The synthesis of control liposomes (i.e., non-targeted liposomes).

3) The characterization of targeted and non-targeted liposomes.

4) The evaluation of the acoustic calcein release from the aforementioned types
of liposomes, triggered by 20 kHz-LFUS at the following power densities:
6.08, 6.97, and 11.83 W/cm?,

5) The evaluation of the acoustic calcein release from the mentioned liposomes
at 1.07- and 3.24-MHz HFUS and the following power densities: 10.5 and
50.2 W/cm? at 1.07 MHz and ~173 W/cm? at 3.24 MHz.
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Chapter 2: Literature Review

2.1. Drug Delivery System (DDS)

Chemotherapeutic agents can suppress tumor growth. However, they target both
normal and cancer cells. Also, the dose of chemotherapy is critical and bound by two
levels, known as therapeutic indices: the maximum level for which the patient
experiences undesirable effects if exceeded, and the minimum level where the drug
efficiency is not attained [14]. Therefore, the drug should be delivered with a dose
between the two levels and, in order to achieve this, researchers developed carriers as a
part of DDS to deliver a desirable dose to target specific cells in order to reduce
unintended side effects of regular chemotherapy, and to deliver a therapeutic amount of
drug. Additionally, these carriers retain the bioavailability of the drug. Drug delivery
systems are classified into four categories, based on their functional mechanism:
diffusion-controlled, chemically-controlled, water penetration-controlled and response-
controlled [14]. The latter is marked as “smart DDS” since the mechanism is based on
the sensitivity of the carrier to internal or external stimuli in the surrounding environment

such as temperature, pH, ionic strength, ultrasonic waves, electric field, etc. [14].

Different nanoparticles are used in DDS. Many factors affect their ability to
move within and interact with the surrounding environment, including size, shape,
charge, coating, cargo and material [15]. The size of a nanoparticle affects the circulation
time, extravasation, interstitial diffusion and the ability to be internalized by the cell.
Small nanoparticles of 5 nm or less can escape the bloodstream easily to penetrate the
adjacent tissues. They are also rapidly filtered by kidneys. The latter action results in a
short circulation time that is often in the order of a few minutes. Although small
nanoparticles diffuse easily into tumor tissues, sometimes these particles are repelled by
the tumor due to the hydrostatic pressure gradient that is part of the tumor physiology.
Larger nanoparticles (5 nm to 500 nm) have better circulation time and can diffuse into
the tumor site via pores and defects in angiogenic vessels [15]. The shape of a
nanocarrier significantly contributes to its biodistribution, cellular uptake and the
passage through the reticulo-endothelial system (RES) [16, 17], and it also affects the
propensity of a particle to phagocytosis, thus affecting circulation time [16]. For
instance, filamentous micelles, around 18 pm in length and 20 to 60 nm in diameter,

were observed to be retained in circulation for one week, compared to spherical
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PEGylated stealth vesicles which were cleared within two days by the RES [16, 17].
Also, the shape of a nanoparticle can affect the drug bioavailability inside tumor. This
was observed for worm-like iron oxide nanoparticles that accumulate more inside the
tumor compared to nanospherical particles [16]. Fox et al. [18] suggested that the entry
and the passage of polymeric drug carriers with approximately similar volumes through
the pores are also affected by the particle shape and flexibility. Researchers found that
this affects the renal clearance of the nanocarrier, thus influencing both the circulation
time and biodistribution [16]. As an example, linear polymers have loose random coil
conformations in solution which enable them to easily enter through pores by one end
of the chain. On the other hand, cyclic polymers exhibit a deformation while entering
and passing through a pore due to the lack of chain ends making their route harder.

Based on clinical trials, liposomes and micelles proved to be the most efficient
nanocarriers for chemotherapeutic delivery. Vesicles with small size (~100 nm or less)
can extravasate from circulation through defects and vascular gaps into tumors due to
angiogenesis [11]. It is observed that the rate of angiogenesis in tumors occurs in a fast
rate compared to other normal cells, except for vessels formed while healing wounds or
those during pregnancy [19]. Additionally, the retention time of these nanocarriers in
tumor sites is high due to poor lymphatic drainage in tumors [11]. On the other hand, the
lower size limit of 20 nm (in diameter) of these carriers protects normal cells from being

attacked by the chemotherapeutic drug [11].

Apart from the benefits of drug delivery vehicles, some difficulties may limit
their efficiency. One of these limitations is the low bioavailability due to opsonization.
Foreign bodies, such as nanocarriers, are marked for removal by RES organs resulting
in their poor accumulation inside tumors [11]. To solve this issue, researchers found that
the circulation time of nanocarriers in vivo can be enhanced by coating them with
polymers such as polyethylene glycol (PEG), which are capable of delaying their
clearance from circulation [11, 20]. The improvement of the nanocarrier circulation by
PEG coating, along with the tumor features of low lymphatic drainage and porous
angiogenic endothelium, is responsible for a phenomenon called the enhanced
permeability and retention effect (EPR) [11]. Additionally, “PEG-lipids” are safe to use
in the body since they are water-soluble and biocompatible [11]. However, although

PEG may enhance the pharmacokinetics of the drug and the stability of the nanocarriers
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in circulation, it may reduce the tumor uptake, since PEG molecules pose a steric barrier
between the carrier and the tumor cells [11, 21]. The mentioned nanocarriers so far are
under the passive targeting, since these vesicles depend on their leakage into the tumor
site followed by the cellular uptake of the drug [11]. Thus, researchers invested
considerable efforts to make the drug delivery more selective using active targeting. The
basic mechanism of active targeting is either to improve the co-localization of the drug
and cancer cells [22], or to improve the cellular internalization via receptor-mediated
endocytosis by attaching ligands to the surface of the nanocarriers [11]. Ligands are
defined as molecules that can effectively guide therapies to specific cell biomarkers to
achieve certain functionality [23]. The ligands attached to the nanocarriers are chosen,
so they can identify specific receptors on the surface of the targeted cells, and selectively

bind these receptors [11].

2.2. Liposomes

Liposomes are widely used in drug delivery. The Greek root of the word
‘liposome’ means “fat body”. To describe it further, a liposome is defined as a hollow
structure made of a phospholipid bilayer, similar to the membrane of animal cells.
Liposomes were first discovered in 1960s by the British scientist Alec Bangham, when
studying the effect of phospholipids on clotting blood [24]. Bangham noticed that
spherical structures formed when adding water to a phospholipid film, thus
encapsulating part of the liquid medium. Afterwards, this great discovery triggered
further research on the uses of liposomes in various applications, including gene and
drug delivery, dye delivery to textiles, pesticides delivery to plants, enzymes and
nutrition delivery to foods, and transformation of DNA to host cells [24, 25]. Liposomes
are biocompatible and biodegradable in nature and, due to their amphiphilic nature, they
can be loaded with hydrophobic drugs in their lipid bilayer, and with hydrophilic drugs
in their inner core [26].

The main constituent of liposomes are phospholipids [16] which are tadpole-like
molecules that consist of a hydrophilic head attached to a nonpolar fatty-acid
hydrophobic tail, refer to Figure 1 [24, 27].
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Figure 1: Liposome constituents and configuration [27].

The polar head of a phospholipid molecule consists of glycerol and a modified
phosphate group while the nonpolar tail consists of two long hydrocarbon chains [24].
Phospholipid head groups found in nature usually contain phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (P1), and phosphatidylserine (PS).
Common natural sources for phospholipids are soya bean or egg yolk, but neither can
be used in clinical applications due to stability and contamination issues [27]. Synthetic
phospholipid derivatives include, but are not limited to, 1,2 dipalmitoyl-sn-glycero-3-
phosphoglycerol (DPPG), dipalmitoylphosphatidylcholine (DPPC), and hydrogenated
soy phosphatidylcholine (HSPC). Due to the amphiphilic (exhibiting both hydrophobic
and hydrophilic behavior) nature of phospholipid molecules in water, they tend to form
a bilayer sheet structure, with the phospholipid heads oriented outwards the aqueous
medium, while sequestering all the nonpolar tails from any contact with this medium
[24]. Cholesterol is another constituent of liposomes, and cell membranes. It is
embedded in liposomes to increase their stability by modulating the fluidity of the lipid
bilayer and preventing crystallization of the phospholipids acyl chains [28]. When
cholesterol is added to unsaturated lipids, their permeability to water decreases [27].
Hence, liposomes with a high percentage of unsaturated fatty acids can hold water-
soluble drugs more efficiently if cholesterol is added, providing a better encapsulation.
Also, since steroid rings of cholesterol are dense, their presence increases the mechanical

rigidity of the lipid bilayer.

Liposomes are classified on the basis of lipid bilayer into small unilamellar

vesicles (SUVs), multilamellar vesicles (MLVs) and multi-vesicular vesicles (MVVs),
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see Figure 2. Additionally, they are classified on the basis of size into small unilamellar
vesicles (SUVs) and large unilamellar vesicles (LUVS), see Table 1.
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Figure 2: Various structures and sizes of liposomes. Adapted from [27].

Table 1: Different sizes of liposomes [27].

Type of Liposome Size (in diameter)
MVVs 1.6-10.5 um
MLVs 0.1-15 um

ULVs

LUVs 100 nm-1 um
SUVs 25-50 nm

2.3. Methods for Liposome Preparation

Liposomes have a vital role in drug delivery, and thus many researchers have
been developing various techniques to prepare liposomes with certain characteristics. In
general, drug is loaded in liposomes either by passive or active methods [29]. According
to Cullis et al. [30], the main variables to be considered in drug encapsulation are
trapping efficiency, drug retention and drug-to-lipid ratio. According to the author,
trapping efficiency favors procedures that achieve high drug encapsulation (> 90%),
while drug retention is significant for storage purposes and drug release during
treatment. Passive loading includes techniques where drug and lipids are both dispersed
in an aqueous buffer, hence drug entrapment occurs during liposome preparation. On the
other hand, active loading methods involve drug encapsulation, after forming liposomes,
by establishing membrane potential or transmembrane pH. The choice of the liposome

preparation method depends on many factors including [31]:
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i.  The medium used to disperse lipids.
ii.  The characteristics of the substance to be entrapped and of the constituents
used in the liposome formulation.
iii.  The concentration of the substance to be encapsulated.
iv.  The physical properties of liposomes such as: size, polydispersity, and the

shelf-life of vesicles.

In general, liposomes are classified into three main categories, according to their
method of preparation: (i) mechanical dispersion, (ii) solvent dispersion, and (iii)
detergent removal, refer to Figure 3 [31]. A few of these methods will be further

discussed in the following sections.

Mechanical

*Hand shaken & non-
hand shaken lipid film
hydration, freeze

Dispersion Methods

Solvent Dispersion
Methods

«Ethanol or Ether
injection
*Reverse phase

Detergent |
Dispersion Methods

*Detergent removal
from mixed micelles
by: dialysis, column

drying evaporation chromotography, or
-Sonication «Double emulsion dilution.
*Membrane extrusion «Stable pluri lamillar
*French pressure cells vesicles

*Micro-emulsification
Freeze-thawed
liposomes
+Dried reconstituted
vesicles

Figure 3: Liposome preparation methods according to passive loading technique. Adapted
from [31, 32].

2.3.1. Lipid film hydration method.

To prepare liposomes according to the lipid film hydration method, the lipids are
first dissolved in an organic solvent or mixture of organic solvents (e.g., chloroform or
chloroform/methanol 2:1 (v/v)) in a round bottom flask or vial, to obtain a homogenous
mixture with a concentration of 10-20 mg lipids/ml of solvent [31, 33]. Then, the organic
solvent can be evaporated by purging the sample with nitrogen or argon when the
volume of the solvent is small (<1 ml), or by using a rotary evaporator for larger samples
[31]. The drying is performed at a temperature above the phase transition temperature
(Tm) of the lipids [33]. The lipid film is then hydrated with an aqueous medium at a
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temperature above the Tm, by placing the round bottom flask into a hot bath using a
rotary evaporator without vacuum up to one hour [31, 33]. If the film is not fully
dissolved, more agitation is required. The hydration media may be distilled water, or
buffered solution or saline. The product of this synthesis includes a mixture of milky-

like multilamellar large vesicles (MLVs) [33].

To downsize the MLVs into small unilamellar vesicles (SUVs), various
techniques are available with sonication being one of the most widely used mechanical
methods. To sonicate the sample of MLVs, either a beaker containing the sample is
placed in a sonicating bath, or a sonicator probe is immersed into a tube containing the
suspension. In the latter case, the temperature of the sample should be carefully
controlled not to exceed the transition temperature, because the sonicator tip delivers a
very high energy into the sample, which may induce local heating that can de-esterify
the lipids if sonicated for one hour [33]. Moreover, probe-tip sonicators were found to
contaminate the sample with metals (e.g., titanium) that can be removed by
centrifugation [31, 33]. For these reasons, bath sonicators are preferably used. The
temperature of the bath should be above the T of the lipids, and usually sonication is
performed for 10-15 minutes. During sonication, the suspension will convert from a
milky-like to an opalescent solution. Vesicles with small diameter (<40 nm) produced
after sonication are metastable, i.e. due to the high curvature energy they tend to fuse

with others to form bigger vesicles (d= 60-80 nm) that are more stable [33].

2.3.2. Reverse-phase evaporation (REV) liposomes.

The REV method, introduced by Szoka and Papahadjopoulos in 1978 [34], was
one of the most significant achievements in liposome preparation. At the time of its
implementation, this was the first technique allowing for high encapsulation efficiency
of aqueous medium [33]. Additionally, REV is applicable for various lipids, including
cholesterol, and can achieve an aqueous volume-to-lipids ratio up to 30 times of that
obtained from SUVs prepared by sonication and four times of MLVs achieved by lipid
film hydration method [33]. The major drawback of the REV rises when proteins are to
be encapsulated, due to the possible denaturation of the latter upon mixing with an
organic medium [33, 34]. It is also important to mention that encapsulation efficiency
varies among different types and concentrations of lipids, and is dependent on the ratio

of lipids-to-organic solvent-to-buffer.
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The protocol for REV includes, in its initial step, the formation of inverted
micelles by sonication according to Torchilin and Weissig [33]. The synthesis starts
with the solution of lipids in chloroform which is dried in a rotary evaporator. Then,
the lipids are dissolved in an organic phase such as diethyl ether, followed by the
addition of an aqueous medium containing the molecules to be encapsulated, in a ratio
3:1 (v/v) organic phase-to-aqueous medium, which is required to achieve an optimum
encapsulation efficiency. To form inverted micelles, the two-phase solution is then
sonicated 2 - 5 min in a sonicating bath, at a temperature below 10 ° C to avoid the
separation of dispersed micelles from the organic phase, until the mixture becomes an
opalescent one-phase solution. After sonication, diethyl ether is evaporated at room
temperature under reduced pressure in the rotary evaporator. During evaporation, it is
important to avoid foam formation and if any sign of bubble formation appears, the
pressure should be raised immediately. After evaporation, inverted micelles become
viscous and some of them will disintegrate to build up a second layer around the
remaining inverted micelles to form what is known as REV liposomes. Liposomes
formed using this method are mostly unilamellar with heterogeneous size distribution
(100 nm - 1 um), and they can be purified by centrifugation or by size-exclusion

chromatography using a Sepharose 4B column.

2.4. Liposome Modifications

2.4.1. PEG coating.

Liposomes provide a good encapsulation technique for drugs, hence reducing
drug degradation. Liposomes were observed to target tissues and organs with
discontinuous endothelium, such as the liver, spleen and bone marrow [35]. Similarly,
these nanoparticles can also target tumor tissues due to the presence of a discontinuous
endothelium. The accumulation of liposomes in the tumor site by passive targeting is
commonly known as the EPR effect, as mentioned before. On the other hand, liposomes
cannot extravasate from the bloodstream into normal tissues because these have tight
junctions between capillary endothelial cells. It is important to note that the in vivo
response to the EPR effect was found to be greater than that evaluated clinically as
reported by Nicholas and Bai [36]. This is justified by tumor irregular vascular
distribution and pressure imposed by internal fluids [19, 36]. Upon intravenous
administration, liposomes are captured immediately by the RES and cleared from the

blood circulation [35]. The first step of recognizing liposomes is the binding of selected
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serum proteins (opsonins, such as fibronectin and immunoglobulins) which triggers the
RES to identify them. This liposome capture by the RES is advantageous to treat RES-
related infections, such as leishmaniasis, by delivering antiparasitic and antimicrobial
drugs. However, when liposomes are utilized to deliver drugs to other tissues, their
uptake by macrophages is considered a major drawback. Therefore, there was a need to
design liposomes with prolonged blood circulation. Immordino et al. [35] found that
coating liposomes with hydrophilic polymers, such as PEG, isolated them from
macromolecules such as opsonins and other proteins, thus reducing the interaction
between liposomes and macrophages, and allowing an increased circulation period.
PEGylated liposomes are also known as stealth liposomes or sterically stabilized
liposomes (SLs), as opposed to conventional liposomes (CLs) (without PEG coating).
Stewart et al. [37] reported a median circulation half-life of 55 hours for stealth
liposomes in plasma compared to a 6-hour half-life for conventional liposomes. Coating
liposomes with PEG basically creates a steric stabilization which repels other plasma
molecules. The use of PEG has many advantages: it is non-toxic, biocompatible and
soluble in aqueous medium [35]. The modification of the liposomes’ surface by PEG
can be achieved in many ways: through physical adsorption, by incorporating PEG-lipid
conjugate during liposome preparation, or by covalently attaching reactive groups to the
surface of the liposomes. Poly(ethylene) glycol not only reduces the uptake of liposomes
by macrophages, but it also enhances the stability of liposomes by reducing aggregation.
For liposomes composed of phospholipids and cholesterol, the ability to increase the
circulation time by PEG depends mainly on the amount of grafted PEG and the length,
or equivalently, the molecular weight of the polymer. It was observed that long chains
of PEG reflected an increase in circulation time, as reported by Allen et al. [38].
Additional research aimed to attach PEG to the liposomal surface, but in a reversible
manner, in order to improve the continuous capture of liposomes by the cells. In this
case, the fact that tumor sites have a lower pH, was used to detach the PEG coating once
liposomes accumulate in the tumor [35]. One major limitation of using both
conventional and stealth liposomes is observed after the first dose of treatment. Wang et
al. [39] observed that a second dose of stealth liposomes, injected a few days after the
first dose, possessed a decreased circulation time and instead, liposomes accumulated in
the liver, despite the presence of PEG. This phenomenon is known as “accelerated blood

clearance (ABC),” and is initiated by the production of anti-PEG Immunoglobulin M
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(IgM) in the spleen, as a response to an injected dose of stealth liposomes [39]. Anti-
PEG IgM binds to PEG and activates the complement system to opsonize liposomes
which are captured in Kupffer cells in liver. Interestingly, the ABC phenomenon was
also observed when the first dose is composed of conventional liposomes, followed by
a second dose of stealth liposomes, but not conventional ones according to the author.
These findings raise a major concern regarding the use of liposomes in clinical
applications. Researchers found a correlation between the ABC effect and other factors
such as the type and the amount of the initial dose, the interval between injections, the
surface density of grafted PEG, and the surface charge of the nanocarrier. Ishida and
Kiwada [40] found that the ABC phenomenon is inversely related to the initial amount
of the PEGylated liposomes administered. Wang et al. [41] found that the ABC
phenomenon only slightly occurred when a first dose of 110 nm conventional liposomes
(i.e., without PEG) was injected into a rat, regardless of the charge of liposomes. On the
other hand, the administration of smaller liposomes (60 nm) reflected an increase in the
ABC phenomenon. More details about the factors interfering with the ABC phenomenon

can be found in Ishida and Kiwada [40] and Wang et al. [41] research.

2.4.2. Ligands and active targeting.

Cancer cells usually overexpress certain receptors such as epidermal growth
factor, folate, transferrin, fucose and estrogen receptors. To use liposomes in active
targeting, targeting moieties are attached to the surface of liposomes. These moieties,
such as monoclonal antibodies (MADb), fragments of proteins, peptides, carbohydrates
and other receptor ligands, allow specific targeting for certain receptors on the surface
of cells [35]. Targeting drugs is a beneficial process, since the cytotoxic agent is
delivered to specific tissues, thus reducing the adverse side effects of conventional
chemotherapy. A large number of ligands can be attached to the liposomal surface
allowing for multivalency that achieves high avidities using ligands of low individual
affinities [42]. Ligands may also increase the uptake of liposomes by the liver and spleen
even in the presence of PEG [43]. Therefore, researchers found that a lower surface
density of ligands is a critical factor in binding the liposome to the desired target, while
maintaining a prolonged circulation [43].

Antibodies are among the most widely used ligands attached to liposomes

surfaces, creating what are commonly known as immunoliposomes. The use of
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antibodies has advantages over the use of peptides, due to their high affinity and
specificity for a wide range of antigenic determinants, while maintaining a uniform
structure, their biocompatibility and their well-established chemistry [42]. There are
different ways to bind ligands to liposomal surfaces, e.g. surface adsorption and covalent
coupling, see Figure 4. The location where the ligands are attached is also critical.
Studies conducted by Maruyama et al. [44] aimed to investigate the effect of attaching
monoclonal antibodies or their fragments to different positions in stealth liposomes.
They reported that antibodies, bound directly to the liposome surface adjacent to PEG,
showed lower targeting to mouse pulmonary endothelial cells than those attached to PEG
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Figure 4: Different techniques to attach antibodies to liposome surfaces. (a) Surface absorption, (b)
covalent coupling of the antibody, (c) PEG spacers, or (d) hapten binding, (e) and (g) Avidin-biotin with
either avidin or biotin attached to the surface, (f) Fab’. Adapted from [42].

After making the nanocarrier selective by attaching a targeting moiety, a
biological mechanism is needed to deliver the encapsulated drug into the tumor site.
Liposomes can deliver their content to cells through various mechanisms including
membrane fusion, endocytosis and extracellular release [42]. These mechanisms are
depicted in Figure 5. In mechanism (a), liposomes release their content after surface
absorption, so that free drug is absorbed by the cell. In mechanism (b), liposomes fuse
with the cell membrane to deliver their content. Mechanism (c) represents receptor-
mediated endocytosis, where liposomes less than 150 nm in diameter are attached to the
cell surface receptors, and then drawn into clathrin-coated pits to form coated vesicles.
These vesicles diminish later and liposomes are fused with lysosomes where lipids are
degraded and drug is released. For molecules larger than 150 nm, phagocytosis (pino-
cytosis) in mechanism (d) is followed [42].
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Figure 5: Mechanisms of interaction between cells and liposomes. (a) Absorption, (b) fusion, (c)
receptor-mediated endocytosis, (d) phagocytosis. Adapted from [42].

2.3.2.1. Estrogen hormones.

Some ligands are classified as endogenous ligands, also known as bio-self
molecules. These ligands, including antibodies, polypeptides, hormones and fusogenic
proteins, have the advantage of being non-immunogenic and biocompatible [13]. Some
of the receptors binding to endogenous ligands are transferrin receptors, lipoprotein
receptors, hormone receptors, and receptors present on tumor cells. Estrogens, sex
hormones that have a crucial role in the development of reproductive organs, are one of
the important steroid hormones that work as chemical messengers in the body. Estrogens
include estrone, estradiol and estriol, which are primarily produced in ovaries,
specifically from testosterone and androstenedione, and are secondarily produced in
adrenal cortex, testes and placenta. Estradiol is the main form of estrogen during
reproductive years, while in menopause, estrone is the main estrogen in the body. The
third estrogen, estriol, is predominant during pregnancy [45]. Estrogens are also
important in the regulation of the urinary tract, bones, heart and blood vessels, breast,
skin and hair. Estradiol is the most potent estrogen due to its high affinity in receptor-
ligand interaction. In the reproductive system, estrogens support the development of
female breast tissues, while in the cardiovascular system, they play a role in lowering
the concentration of lipids that affect blood vessels, and also increase the blood flow in
vessels and decrease the vascular resistance. Estrogens are also biologically produced in
the brain and body fat, thus interfering with several functions in the nervous system such
as memory, temperature regulation and awareness. The function of estrogen is mainly
mediated by two receptor proteins: the estrogen receptor alpha (ERa) and beta (ERp)
[13]. Estrogen receptors (ERS) consist of a single polypeptide chain that contains six
functional domains, see Figure 6. The molecular weights for human ERa and ERp are

66 kDa and 54 kDa, respectively [46]. The percentage of homology between each of the
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functional groups in ERa and ERP is shown in Figure 6. Domain C, which shows the
highest similarity between receptors, includes two zinc fingers that bind hormone
elements responsible for DNA interactions. On the other hand, the N-terminal domain
(A/B) shows the least percentage of homology and includes the ligand-independent-
transcriptional-activation function TAF-1. The D-domain is a hinge region, while the E-
domain includes the hormone binding domain and the hormone-dependent-

transcriptional-activation function TAF-2 [46].
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Figure 6: Structure of human estrogen receptors ERo & ERp. Adapted from [46].

In addition to the reproductive system, estrogen receptors are expressed in other
organs/systems such as the liver, cardiovascular system, bones and breasts. ERa is
overexpressed in breast cancer cells, stromal compartment of prostate and ovarian
stroma cells [13]. Thus, estrogen ligands can be used in drug delivery to target cancer
cells via estrogen ligand-receptor interaction. ER is expressed in the central nervous,
cardiovascular, immune and reproductive systems [13]. Steroid hormones are lipophilic,
which allows them to pass through the cellular membrane by passive diffusion and bind
to their corresponding receptors that are located either in the nucleus or in the cytoplasm
and sometimes on the exterior membrane of the cell. Several mechanisms are reported

for estrogen-receptor binding interaction, as shown in Figure 7.

Figure 7: ER signaling mechanisms. (1) Classical mechanism of ER action, (2) ER-independent
genomic mechanism, (3) Ligand-independent genomic mechanism, (4) non-genomic action [47].
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First, the classical mechanism involves the direct binding of estrogen to its
corresponding receptor in the nucleus. This causes the receptor to dimerize and bind to
estrogen response elements (ERES) that are located on the target genes. However, it has
been found that one-third of the human genes that are regulated by estrogen receptors
lack the ERE sequence, suggesting that additional mechanisms are needed to regulate
gene expression [47]. Second, the ER-independent genomic mechanism controls the
gene expression by regulating transcription factors through protein-protein interaction
instead of directly binding to DNA,; this mechanism is often used to regulate genes
lacking the ERE sequence. Third, the ligand-independent genomic mechanism includes
growth factors (GFs) that activate the protein-kinase cascades. This leads to the
phosphorylation (P) and subsequent activation of ERs at the ERE sequences on the
genes. The last mechanism is characterized as non-genomic, which usually occurs faster
than the genomic ones; in this case the estrogen-ER complex phosphorylation (P) targets
proteins, which activates their function in the cytoplasm or triggers the action of
transcription factors (TF) in the nucleus.

In 1896, Beatson announced the dependence of breast cancer on hormones,
namely estrogens, and two different hypotheses have been formulated to explain the role
of estrogen in breast cancer development [13]. The first hypothesis suggests the
proliferation of mammary cells after the binding of estrogen to its receptor, which results
in an increase in cell division and DNA replication that ultimately leads to lethal
mutation. The second hypothesis considers a point mutation as a result of DNA damage
caused by side products of estrogen metabolism. In both cases, there is a disturbance of
apoptosis and DNA-repair mechanisms, leading to tumor development [13].

Estrogen receptors are present in two-thirds of breast cancer and they are
distributed in the nucleus and on the cell membrane [12]. The presence of ERs on the
cell membrane can be utilized in guiding therapies towards breast cancer cells [12]. In
postmenopausal women, the major estrogen is estrone which is primarily produced from
the aromatization of androstenedione, which is mainly (~ 95%) produced in the adrenal
glands [48]. Estrone has the second highest affinity to ER after estradiol. It transfers the
majority of its signal (60%) to ERa while 37% of its signal is transferred to ER[ [49].
Since breast cancer overexpresses ERa, estrone is considered as a potential ligand in
cancer therapeutic drugs especially for postmenopausal women. Estrone has a molecular

weight of 270.4 g/mol and its chemical formula is C1gH220> with a chemical name of 3-
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hydroxyestra-1,3,5(10)-triene-17-one [50]. The 2-D molecular structure of estrone is

shown in Figure 8.

Figure 8: Estrone 2-D molecular structure.

2.5. Ultrasound

2.5.1. Introduction to ultrasound.

Ultrasound is composed of oscillatory sound pressure waves with frequencies
higher than the audible limit of humans (i.e., >20 kHz) [51]. Pressure waves, known also
as stress waves, require a medium to propagate because their transmission occurs by
direct contact of masses [52]. Additionally, these waves depend on the elasticity nature
of the medium, which plays a key role in sustained vibrations, hence stress waves are
also known as elastic waves [51]. These waves can be induced by vibrating piezoelectric
transducers. They became a prominent topic in research since World War 1 (1918) when
a French scientist, Paul Langevin, developed the quartz ultrasonic transducer [53]. Many
scientists, from different disciplines, have contributed to the development of acoustics
science. For example, Sir Isaac Newton (1642-1727) derived the velocity of the sound
wave in air; Jean Fourier (1768-1830) introduced mathematical series that have been
used to study ultrasonic waves; and it was the observation of the Italian biologist Lazzaro
Spallanzani (1729-1799) that triggered the idea of SONAR when he discovered that bats
used US to navigate in the dark. The thorough research in acoustics, accompanied by the
technological advancements and the progress in theoretical analysis and computer
modeling in the 1970s, allowed the subsequent use of US in a wide range of fields, such
as aerospace, defense, nuclear, engineering, materials science, metrology, biology and

chemistry.

Ultrasound waves can be classified, according to their intensities, into low-
intensity and high-intensity waves, which have different applications. For example,
applications like nondestructive characterization of materials, medical diagnosis and the
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area of sensors, which only require the transmission of energy through a medium without
changing it, use low-intensity US [51]. On the contrary, when US waves are meant to
cause/ impose an effect on the medium being propagated through, the suitable choice is
to use waves with high intensity. Ultrasound waves with high intensity are often
associated with thermal or mechanical effects which can be used to induce cavitation
events. These are usually applied, for example, in kidney stone shattering, tumor
ablation, cell lysis, emulsification, atomization of liquids and welding plastics or metals
[51, 52]. Drug delivery is an evolving area of research. This paper will focus on US as a
triggering mechanism by inducing mechanical and/or thermal effects on nanocarriers. A
more detailed discussion on US nature and properties will be introduced in the following

sections.

2.5.2. Generation of ultrasound.

Ultrasound waves can be generated in three ways: the Galton’s whistle, the
magnetostriction, and the piezoelectric method [54]. Francis Galton invented a special
type of whistle that generates US waves that can be used to train animals. Such whistles
are capable of producing sound waves with frequencies up to 30 kHz [54].
Magnetostriction, a phenomenon utilized to generate US, was first discovered by Joule
in 1847. Joule describes magnetostriction as a change in the dimensions of a
ferromagnetic material (e.g., iron, nickel) with a rectangular-bar shape when a magnetic
field is applied along its axis [55]. If the field is non-oscillating, it will result in a minor
increase in the bar length (10 of the original length for a nickel bar) [55]. However,
when an oscillating field is applied, it will cause a significant increase in the bar length
since the elasticity of the material can no longer counteract the change imposed. Usually,
magnetostriction is used to generate US with a maximum frequency of 2 MHz, thus
another method is required to generate US waves with higher frequencies (>2 MHz). In
1880, the brothers Pierre and Jacques Curie revealed their discovery about the
piezoelectric phenomenon that was utilized afterwards to generate US waves with both
low and high frequencies. They noticed that specific crystals like quartz, rochelle and
tourmaline salt accumulate electric charge on their surface upon exposure to a
mechanical pressure/tension [55]. In a reverse manner, a piezoelectric material vibrates
when an electric charge is imposed on its surface. To further explore this phenomenon,
let us consider a cylindrical bar of ceramic after polarization. When an electric field (i.e.,

voltage difference) is applied on the same direction of the poling voltage, the resulted
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effect will be a total elongation of the bar. On the contrary, when the voltage direction
is reversed, the bar will undergo a compression [56]. The other scenario is to translate a
mechanical stress (tension/compression) into an electrical energy as shown in Figure 9-
d, e. Generally, the main components required to construct a device that produces US
waves are a transducer, a pulse generator and an amplifier. The transducer contains the
piezoelectric material that translates electric pulses into mechanical vibrations. In
medical scanning devices, a transducer also operates in the reverse direction receiving
echoes (mechanical waves) and generating electric signals as a characteristic of the
scanned medium. The pulse generator, as the name implies, generates regular electric
pulses to be applied on the transducer, and allows the user to control the pulse frequency
and amplitude, among other features. Finally, amplifiers are utilized in circuits basically
to magnify the size of an electric signal. Other accessories may also be added to the

circuit depending on the application.

(@) (b) (©) (d)

Figure 9: Piezoelectric effect. (a) Polarized segment, (b) stretched segment and (c) compressed segment
due to voltage difference imposed, voltage produced due to (d) compression and (e) tension applied on
the segment. Adapted from [56].

2.5.3. Physical properties of ultrasound.

The energy of US waves propagates through a medium by collisions of
oscillatory particles but with no net displacement [57]. These waves can be focused,
reflected and refracted. Ultrasound waves are sinusoidal waves with a given frequency,
but when two waves of different frequencies interfere, their amplitudes are
added/subtracted and the resulting frequency will be the result of the individual
frequencies of each wave. Consequently, the superposition of waves can cause beats,
and hence the wave is known to have a “beat frequency” that is coupled with Doppler
effect in many applications. Doppler Effect is defined as the change of the wave
frequency to a moving observer as he moves relative to the wave source. Once an US
wave propagates into a medium, its amplitude diminishes, a phenomenon known as

attenuation. Attenuation occurs due to several factors including the absorption of waves
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resulting from the conversion of mechanical energy into heat, and the reflection and
scattering of waves by irregular surfaces/interfaces. The intensity of the US beam is
selected based on its application, as mentioned earlier. High-intensity US generates
intense heat that is sufficient to melt steel [51]. In liquids, high-intensity US is associated
with a phenomenon known as cavitation that is effectively used in drug delivery, as well

as in cleaning processes.

Ultrasound waves are characterized by their frequency, propagation speed and
amplitude. When an US wave propagates from one medium to another, both amplitude
and velocity are affected, but the shape of the wave remains unchanged [58]. The
velocity of a wave depends on the nature of the medium (its density and elasticity) and
the type of the wave, while its amplitude depends on the impedance ratio of both
mediums [51, 58]. Additionally, there are several modes of US vibration - longitudinal,
transverse, torsion, shear, surface, flexural and Rayleigh - that can be utilized in
ultrasonics applications [51]. Longitudinal waves (also known as compressional) are
characterized by molecules vibration in parallel with the direction of energy transfer,
while transverse waves are described by molecular vibrations that are orthogonal to the
direction of energy transfer. Transverse waves can only propagate through a solid
medium. On the contrary, gases can only transfer longitudinal waves, whereas liquids
can transfer both longitudinal and surface waves. In biological-interaction systems,
longitudinal waves are of special interest due to the favorable sequence of compressions

and rarefactions created by these waves [59].

2.5.3.1. Acoustic impedance.

When an acoustic wave propagates through a fluid, the particles of that medium
are forced to displace around their original position with a velocity known as acoustic
particle velocity [60]. However, in any medium, there is a resistance to an acoustic wave
propagation, which is called acoustic impedance (with SI units of Pa.s/m%). Acoustic
impedance is a key feature in determining the proportion of acoustic energy transmitted
and reflected [61]. When the medium is characterized by closely-packed particles (i.e.,
dense material, high specific acoustic impedance), the particles require high pressure to
move at a given velocity compared to a lower pressure requirement for loosely-packed
materials (i.e., low specific acoustic impedance) at the same velocity (Eq.(1)) [62]. The

equation that relates the pressure of an acoustic wave (P), the speed of sound in the
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medium (c), the particle velocity (v) and the density of the medium (p) for which the
wave is propagating through is [60]:

P=p.cv=2Zv Eq. (1)

Based on the equation above, the specific acoustic impedance (Z) (Pa.s/m

equivalent to Rayl) for a substance is dependent on the density of the substance and the

velocity of the acoustic wave. Table 2 lists the specific acoustic impedances for some

materials and tissues [60].

Table 2: Characteristic acoustic impedance for selected biological tissues [60].

Tissue Characteristic Acoustic
Impedance (Rayls)
Water (20° C) 1.48x10°
Muscle 1.65 - 1.74x10°
Fat 1.38x108
Skin 1.7x1068
Cortical bone 4 - 8x10°

2.5.3.2. Reflection of waves.

When a wave strikes a boundary (e.g., a bone-tissue interface), the characteristic
acoustic impedance of both media determines the fraction of the wave’s energy to be
reflected as an echo [61]. The difference between two medias’ impedances is known as
an acoustic impedance mismatch [62]. The greater the difference between the
impedances, the more the acoustic energy is reflected from the interface, hence less
energy is transmitted into the second medium. If the impedances of both media are
identical, then there will be a complete transmission with no reflection. Besides the
mismatch factor, the angle of the wave incidence also plays a role in determining the
proportion of energy to be reflected and transmitted. When a beam is aimed on a surface
at an orthogonal angle, the fraction of the reflected (R) and transmitted (T) energies for

longitudinal waves is represented by the following [60],

R = (Zy = 73)*/(Zy + Z3)? Eq. (2)
T =471Z,/(Zy + Z3)° Eq. (3)
where Z; and Z; are the impedances of material 1 and 2, respectively. Based on Egs. (2)
and (3), it can be easily proved that the total sum of reflection and transmittance is

equivalent to unity (R+T=1), hence the energy is conserved (lossless case). The

reflection of waves is utilized in medical imaging to visualize tissues and organs. When
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the acoustic mismatch is great, most of the waves are bounced back from the interface
as a strong echo while the rest of the energy transmitted into the second medium cannot
be used to produce images for inner organs and tissues. This is the reason why a
transducer cannot acquire an image when there is a gap of air between the transducer
and the patient’s skin (case of total reflection of acoustic waves due to impedance
discontinuity). Thus, a material with an intermediate acoustic impedance (gel or oil)
must be placed between the transducer and the skin while imaging [60]. This justifies

why air-filled organs block the tissues and organs underneath from imaging.

2.5.4. Ultrasound triggering.

Triggering in drug delivery is defined as the method that allows the control of
drug release in its amount, location, and the period at which it is being released [63].
Several triggering techniques, such as pH, temperature, enzymes and light stimuli, have
been suggested to release liposome-encapsulated drugs [64-67]. In addition to these
techniques, research has shown that drug release can be controlled efficiently via US
[68]. In liposomal drug delivery, US is utilized to control the release of a certain drug
via mechanical and/or thermal effects. This technique of drug release is applied to
echogenic and emulsion liposomes (eLiposomes). The two main parameters of US
involved in triggering the release of drugs are the frequency and the intensity, as
mentioned earlier. In drug delivery, the high-intensity focused US (HIFU) is used mainly
in the release of drugs from temperature-sensitive liposomes, but HIFU can also treat
(kill) tissues at elevated temperatures, a process known as hyperthermia [52]. Release of
drugs can also be achieved using the non-thermal effects of low frequency US (LFUS).
Kost et al. [69] demonstrated that the exposure to LFUS can increase the permeability
of biological barriers (e.g., skin). This phenomenon has been used to increase the
permeability of many biological barriers, such as cell membranes and tumors, thus
facilitating the extravasation of drug into the desired site [70]. Schlicher et al. [71]
showed that cell membranes can be disrupted via LFUS-induced cavitation. The LFUS
results in transient pore-like disruptions in the membrane with diameters lower than 28
nm, and for a duration of several minutes, after which the cellular repair mechanism
recovers the intact membrane configuration. In the area of drug delivery, HFUS waves
are preferable since they can be easily focused as compared to LFUS waves, hence

allowing to target infected tissues without affecting the surrounding ones [72].
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Ultrasound is known to induce mechanical and/or thermal effects [72]. The
mechanical effect is reflected in acoustic cavitation events. Acoustic cavitation refers to
the formation and/or the activity of gas or bubbles in a medium being exposed to an
oscillating pressure [73]. The bubbles are either originally present in the liquid, or may
be newly formed when the pressure is lowered below the vapor pressure of the liquid
[52, 63]. There are two types of acoustic cavitation: stable and collapse. Stable cavitation
describes the continuous oscillation of bubbles being exposed to an oscillating pressure,
which in turn varies the bubble radius about an equilibrium value [52, 73]. The
oscillation of bubbles shears the fluid and/or surfaces nearby [74]. The highest amplitude
of oscillation occurs when the natural resonant frequency of bubbles matches that of the
applied US wave [73]. Collapse cavitation, also known as transient cavitation, involves
bubble oscillations with increasing amplitudes that lead to continuous expansion until
exceeding the bubble resonant radius, beyond which the bubble grows suddenly and
collapses vigorously [75]. The bursting bubbles in collapse/transient cavitation generate
a short-lived intense local heating, which may reach up to 5000 K and is accompanied
by high pressures, which can be as high as 1000 atm [76]. Although these very high
temperatures can be achieved at a certain point, heating/cooling rates are very fast on
the order of 10'° K/s, thus characterizing the cavitation as an adiabatic event [77].
Shortly after the bubble bursts, a high-velocity (several hundred meters per second)
micro jet of liquid is produced that pushes surfaces nearby with massive energy. The
resonant size of a bubble is dependent on the type of gas enclosed by the bubble and the
characteristics of the US wave [78]. To initiate collapse/transient cavitation, an US
power density threshold, proportional to frequency and is a characteristic of the bubble
size, must be achieved [52]. As frequency decreases, the power density threshold also
decreases which explains why collapse/transient cavitation occurs quite more often at
low frequencies rather than at high frequencies [79]. In general, LFUS with high power
density induces collapse/transient cavitation [80]. The consequences of
collapse/transient cavitation may be detrimental to tissues and adjacent cells due to the
huge shear stress, the shockwave produced and the free radicals generated at elevated
temperatures that may interfere with biochemical processes [80, 81]. On the other hand,
stable cavitation has no negative biological attributes and can be applied to enhance the
convection of oxygen and nutrients into normal cells [82]. In liposomal drug release,

stable cavitation is not as effective as collapse/transient cavitation. In order to use
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collapse/transient cavitation in drug release, drawbacks of using this method should be
minimized by selecting the suitable parameters of US. The key is to produce a bubble
activity that effectively ruptures the liposomal membrane without damaging the adjacent

endothelial cells or causing thrombosis [80].

Scientists have developed mechanical index (M) to determine the occurrence of
collapse/transient cavitation [83]. Ml relates the peak negative pressure (Pr) during the
rarefaction cycle of the wave to the square root of the wave frequency (fo) according to
the following equation [84]:

P
— Eq. (4
T q. (4)

The use of liposomes in conjunction with US as a trigger have been studied

MI =

recently. The following sections summarize some representative research in this area.

2.6. In vitro Studies

In vitro studies investigating drug release from liposomes triggered by US aim
to examine many factors which are either related to US or to the chemical nature of
liposome constituents. The main parameters of US, affecting drug release, include wave
frequency and power intensity, while the factors related to liposome nature include the
lipid ratio, amount of grafted PEG, surface charge, etc. In this section, some of the
studies concerning US-mediated drug release from liposomes are discussed.

A study conducted by Levi [85] investigated the release of doxorubicin (Dox)
from Doxil® with different US frequencies. Doxil® is a liposomal anti-cancer drug
that contains Dox loaded into stealth liposomes with 100 nm in diameter, and is one of
the currently FDA-approved drug delivery formulations [86]. In the mentioned study, it
was observed that exposing Doxil® to 20-kHz (1.2 W/cm?) LFUS resulted in 85% and
61% release in saline and human sourced plasma, respectively [85]. At a higher
frequency of 1 MHz (2.5 W/cm?), the release occurred at a slower rate in saline and
barely any release (5%) was observed in human plasma, while at 3 MHz no release was
measured. According to the authors, the lower level of drug release in plasma was
justified by the presence of plasma proteins that absorbed part of the US energy, thus

reducing the potential of cavitation in liposomal membranes.

Another study, conducted by Afadzi et al. [83], showed that the release of the

model drug calcein (CsoH26N2013) from DEPC-based liposomes was higher at low
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frequency (300 kHz) than that measured at a higher frequency (1 MHz). The US
frequency also shows a dependence on the size and lamellarities of liposomes, as
suggested by Pong et al. [87]. When the size of liposomes is very small compared to the
wavelength of US, the pressure gradient will not be sensed by the vesicle; instead, a
uniform pressure will be detected. Thus, whether applying high frequency US (1 MHz,
A=1.5 mm) that is 4 orders of magnitude greater than a 100 nm liposome, or applying a
LFUS (20 kHz, A=75 mm) that is 5 orders of magnitude greater than a 100 nm liposome,
may have a similar effect on drug release. However, based on experimental data, it was
observed that a better release was achieved when using LFUS, which may be explained
by the fact that LFUS requires lower power density to initiate collapse/transient
cavitation [52].

Other studies showed that the US-mediated drug release from sonosensitive
liposomes also depends on the membrane structure of these vesicles [88]. Evjen et al.
[88] found that DOPE-based liposomes with DSPE-PEG2000 and cholesterol achieved a
higher Dox release upon exposure to LFUS (40 kHz) as compared to DSPE and PC-

based liposomes in 20% serum.

Evjen et al. [89] studied the mechanism of drug release from liposomes induced
by US using cryogenic transmission electron microscopy (Cryo-TEM). It was suggested
that, if the morphology and size distribution of the vesicles remain the same, before and
after US exposure, then sonoporation (pore-mediated release) has a major role in the
process. On the contrary, if the vesicles disintegrate into a smaller size, then temperature
effects play a predominant role. It was also observed that inclusion of PEG within the
liposomal membrane structure increased the drug release since PEG molecules absorb
more US than lipid molecules do, hence increasing the events of cavitation [52].

In this thesis, the release of calcein from estrone-anchored stealth liposomes
under the effect of US was studied. According to Paliwal et al. [12], the non-triggered
release of drug from this type of liposomes, achieved over a period of 24 h, determined
by the dialysis tube method, was 53.6+1.23 % for the ES-SL-Dox as compared to
47.3+1.34 % release from SL-Dox.

2.7. In vivo Studies
Evjen et al. reported an in vivo study using a mice model implanted with a

prostate tumor. They used phthalocyanine chloride tetrasulphonic acid (AIPcSs)
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encapsulated in PEGylated liposomes, exposed the tumor site to 1.1-MHz US, and
monitored the release of the compound by an increase in fluorescence [90]. They
observed an increase in fluorescence up to 100%, which implies an efficient release of
the drug. Other in vivo studies considered the concept of hyperthermia when using HIFU.
Ranjan et al. [91], for example, studied the effect of HIFU on the drug release from low
temperature sensitive liposomes (LTSL). In this study, LTSL and free Dox were
administered intravenously in rabbits implanted with VX2 carcinoma cells. The
concentration of Dox was found to be higher in tumors exposed to LTSL (8.8+1.4 ug
Dox/g tissues) than in tumors treated with free Dox (4.0£1.0 pg Dox/g tissues). In
another study, Seynhaeve et al. [92] investigated the uptake of Doxil® by melanoma
BLM tumor implanted in mice. Also in this case, the results showed that the uptake of
Doxil® by the tumor was higher than that of free Dox. However, this did not guarantee
the cytotoxicity of the drug, since it had to be released to be effective in killing malignant
cells. Thus, the same group also performed cytotoxicity and bioavailability experiments
for both Doxil® and free Dox using human and mice melanoma cells. Cells treated with
free Dox for 8 h resulted in an accumulation of 26% of the initial amount in the nucleus,
thus Killing the cells effectively, while only 0.5% of the initial concentration was
detected in the cell cytoplasm. In comparison, cells treated with Doxil® for 8 h achieved
only 0.4% accumulation of the available drug in nucleus, revealing the low cytotoxicity
of Doxil®, when administered without an external stimulus, which is necessary to

release the entrapped drug.

A study conducted by Paliwal et al. [12] on female BALB/c mice showed a
greater uptake for estrone-targeted stealth liposomes in breast and uterus versus that of
stealth liposomes without a targeting moiety. The greater accumulation of the liposomal
formulation was attributed to the receptor-mediated endocytosis in response to estrone
presence. The group also performed a test to evaluate the antitumor activity on a MCF-
7 xenografted in nude mice. They found that ES-SL-Dox formulation had the greatest

effect in inhibiting the tumor growth.

2.8. Emulsion Liposomes (eLiposomes)
Ultrasound, as a triggering technique, works best when gas bubbles are present.
This requires stabilized microbubbles to release drug upon exposure to US, which has a

major limitation since stable bubbles cannot be formed at sizes below 1 um [93]. Based
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on this, bubbles of bigger sizes will not be able to leak through tumors endothelium (via
the EPR effect as discussed earlier); instead, they will remain circulating in circulatory
system till they get opsonized. Ultrasound, as an active targeting technique, provides a
good control over the timing and the rate of drug release. When liposomes are exposed
to US, microbubbles close to liposomes are the factor responsible for cavitation that
shears and ruptures liposomes [93]. However, since gas bubbles cannot extravasate into
tumor tissues, it is essential to synthesize liposomes with high sensitivity to US, without
depending on the existence of adjacent gas bubbles. This can be achieved by
synthesizing liposomes with vaporizable emulsion droplets termed as emulsion
liposomes or eLiposomes. The emulsion in these liposomes is of nanosize and made of
perfluorocarbons (e.g. perfluorohexane PFCe, perfluoropentane PFCs) with high vapor
pressures at biological temperatures, making liposomes responsive to low US intensities.
The normal boiling points for PFCs and PFCs are 29 ° C and 56 ° C, respectively [94].
Unlike gas bubbles, these emulsions can be formed at stable nanoscale sizes [93].
Husseini et al. [94] studied the stability of calcein-encapsulating eLiposomes with PFCs
emulsion and showed that barely any calcein was released at body temperature (37 °C),
even though it is above the boiling point of the mentioned emulsion. This was justified
by the fact that the apparent boiling point of the emulsion is actually higher due to the
additional pressure, known as Laplace pressure, imposed by the lipid sphere containing
the emulsion. Thus, when eLiposomes were incubated at higher temperatures in the
study, the release increased significantly. According to the authors, the formation of gas
bubbles was the proposed mechanism of release. Thus, it is a plausible idea to combine
eLiposomes with US to initiate drug release. When eLiposomes are exposed to US, and
during the low pressure phase of the US wave, the local pressure drops below the high
pressure of emulsions which is translated to a change in the phase of the emulsion to a
vapor phase that expands and bursts the membrane of the liposome to release some of
the drug encapsulated [93].
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Chapter 3: Experimental Procedure

The first step in this work was the preparation of liposomes, according to a
modified lipid film hydration method described by Torchilin and Weissig [33]. A
method was developed to prepare the DSPE-PEG-estrone lipid derivative, and the
targeting moiety was detected by Infrared Spectroscopy (IR). The size of the liposomes
was determined by Dynamic Light Scattering (DLS). Finally, the US-triggered release
of a model drug (calcein) from the prepared liposomes was studied at both low frequency
(20 kHz) and high frequency modes (1.07 MHz and 3.24 MHz).

The liposomes used in this study were prepared from 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000-NH2)
modified with estrone, and cholesterol, in addition to 1,2-dipalmitoyl-sn-glycerol-3-
phosphochloine (DPPC). Poly(ethylene) glycol has a crucial rule in prolonging the
circulation time for nanocarrier encapsulated drugs, as mentioned earlier [35]. The effect
of incorporating cholesterol in lipids depends on the type of lipids, as illustrated by
Mirafzali [95]. For unsaturated lipids (i.e., with double bonds), the high fluidity of these
lipids is suppressed by adding cholesterol, hence their water permeability decreases and
their stability increases. On the other hand, saturated lipids (e.g. DSPE, DPPC), which
are used in this work, behave differently when cholesterol is added since they are more
gel-like which makes them leak-poof even in the absence of cholesterol. Basically, the
addition of cholesterol to saturated lipids aims to reduce the phase transition
temperature. In this work, two types of liposomes were synthesized: the control batch of
liposomes (without the targeting moiety), and the targeted liposomes (with targeting
moiety anchored to their surface). The synthesis of targeted liposomes started with the
reaction of cyanuric chloride (NCCI)s with estrone (ES) to form the targeting moiety
ES-N3C3Clo. Then, the previously formed conjugate was reacted with DSPE-PEGa2oo0-
NH: to form DSPE-PEGaooo- N3C3CI-ES that was later reacted with DPPC and
cholesterol to form liposomes. The synthesis of control liposomes was carried out using
a similar synthesis scheme but with DSPE-PEG2000-NH: instead of DSPE-PEG2000-
N3CsCI-ES.
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3.1. Materials

The DPPC and DSPE-PEG2000-NH2 (ammonium salt) were obtained from Avanti
Polar Lipids Inc. (Alabaster, AL, USA). Sephadex G-100, estrone (ES), calcein
disodium salt, potassium bromide (KBr), and 2,4,6 trichloro-1,3,5 triazine (cyanuric
chloride (NCCI)3) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Triethylamine (TEA) was obtained from Reidel-de Haén (Germany). Chloroform was
obtained from Panreac Quimica S.A. (Spain). Cholesterol was obtained from AlfaAesar
(Ward Hill, MA, USA).

3.2. Preparation of DSPE-PEG-NH:2 and DSPE-PEG-N3C3Cl2-ES Liposomes

3.2.1. Synthesis and IR analysis of estrone-N3CsCl2 chloride conjugate.

Prior to the liposomes preparation, ES was reacted with (NCCl)3 to form a
targeting moiety that later would be conjugated to DSPE-PEGa2000-NH2. Estrone was
reacted with (NCCl)z in a 1:1 molar ratio, in the presence of two molar equivalents of
triethylamine (TEA), a chloride acceptor [96]. To achieve the mono-substitution of
chlorine, the reaction was performed at 0° C [96] for three hours. First, 2.45 mg of
(NCCI)3 were dissolved in a small amount of dry chloroform, in a round bottom flask.
Then, a solution of 3.6 mg of ES dissolved in a suitable amount of dry chloroform was
prepared in a vial, which was placed in an ice bath, prior to the addition of 3.7 pl of
TEA. The round bottom flask containing the (NCCI)3 solution was placed in an ice bath
with magnetic stirring, and the ES solution was added dropwise. The flask was covered
and the mixture was continuously stirred for three hours and cooled in an ice bath, then
it was left stirring overnight at room temperature. Afterwards, the chloroform was dried
under argon and the ES-N3CsCl> conjugate was stored at -20° C until use. The reaction
is shown in Figure 10.

The ES-N3CsCl conjugate was analyzed by IR to confirm if the desired product
of the reaction was obtained. The potassium bromide (KBr) disk method was used to
carry out the analysis [97]. Testing by IR was followed because the
absorbance/transmittance of the hydroxyl group in the estrone molecule can be detected
with its corresponding wave number as a peak in the IR spectra. Therefore, if the reaction
occurred, the peak of the hydroxyl group will disappear. Immediately before starting the
test, the KBr powder was dried due to their hygroscopicity, which adversely affects the

analysis. First, 150-200 mg of spectrophotometric-grade KBr powder was ground to fine
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powder in an agate mortar using a pestle. Then, a small amount of ES-N3C3Cl, (~0.1-
2% of the KBr powder) was added and mixed with the KBr powder in the agate mortar.
Afterwards, the powder was added carefully into the collar of a stainless-steel die
assembly. The powder was then pressed for 2 minutes by placing the die into a hydraulic
press (International Crystal Laboratories, Garfield, USA). Afterwards, the pressure was
relieved gradually (to avoid breaking the formed disk), and the die was disassembled to
remove the transparent disk which was placed carefully in a disk holder to be tested

using an IR instrument.
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Figure 10: Synthesis of estrone-cyanuric derivative.

3.2.2. Synthesis of DSPE-PEG2000-N3C3CI-ES.

The previously prepared ES-N3CsCl> derivative was reacted with DSPE-
PEGa2000-NH2 in a 1.2:1 molar ratio, in the presence of two molar equivalents of TEA,
refer to Figure 11. To prepare DSPE-PEG2000-N3C3CI-ES for three batches of liposomes,
16.74 mg of DSPE-PEG2000-NH2 were dissolved in a small amount of dry chloroform,
then 1.66 ul (12 umol) of TEA were added dropwise and the vial was placed in an ice
bath. The ES-Ns;CsCl, conjugate was dissolved in 3 ml of dry chloroform and 1.72 ml
(7.2 pmol) were transferred to a small round bottom flask placed in an ice bath. The
DSPE-PEG2000-NH: solution was then added dropwise and the mixture was kept stirring
on ice for three hours, after which the stirring continued overnight at room temperature.
If the prepared lipids were not used immediately, then chloroform was evaporated by

purging with argon and stored at -20° C.
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Figure 11: Synthesis of DSPE-PE G2000-N3C3CI-ES.

3.2.3. Preparation of DSPE-PEG2000-N3C3CI-ES liposomes encapsulating calcein.

Liposomes were synthesized at 60 ° C (i.e., above the Tm of DSPE) using DPPC,
cholesterol and DSPE-PEG2000-N3C3CI-ES at a molar ratio of 65:30:5, respectively. For
one batch of liposomes, 2 pmol of DSPE-PEG2000-N3C3CI-ES were dissolved in 3 ml of
dry chloroform in a round bottom flask, followed by the addition of 4.7 mg (12 pumol)
of cholesterol and 19.2 mg (26 pumol) of DPPC. Chloroform was evaporated to dryness
on a rotary evaporator at 60° C for 15 minutes until a greasy-like film formed on the
flask walls. The lipidic film was hydrated with 2 ml of 30 mM calcein in phosphate
buffered saline (PBS) with the pH adjusted to 7.4. The solution was evaporated by
rotating in a rotary evaporator without vacuum for 45 minutes, at 60° C. Sonication was
then performed in a 40-kHz sonicator bath (ElIma D-78224, Melrose Park, IL, USA) at
60° C, for 15 minutes, after which the sample was extruded 30 times at the same
temperature, using the Avanti® Mini-extruder with 0.2 um polycarbonate filters (Avanti
Polar Lipids, Inc., Alabaster, AL, USA). Liposomes were purified using a Sephadex G-
100 gel filtration column (GE Healthcare Life Sciences), previously equilibrated with
PBS, pH 7.4. The collected turbid liposome fractions were labeled and stored at 4° C

until use.
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3.2.4. Preparation of DSPE-PEGz2000-NHz2 (control) liposomes encapsulating
calcein.

The steps followed to prepare control liposomes were similar to those described
in Section 4.2.3 except that two molar equivalents of DSPE-PEG2000-NH2 were used
instead of DSPE-PEG2000-N3C3CI-ES. The same molar ratio 65:30:5
DPPC:cholesterol:DSPE-PEG2000-NH2 was used.

3.3. Determination of Liposome Size by Dynamic Light Scattering (DLS)

The mean size of the liposomes was determined by Dynamic Light Scattering
(DLS) using the DynaPro® NanoStar™ (Wyatt Technology Corp., Santa Barbara, CA,
USA). The hydrodynamic radius (Rn) of the liposomes was determined at room

temperature, after the liposome samples were properly diluted in PBS.

The principle of DLS is based on measuring the intensity of light scattered by
the Brownian motion of molecules, as they diffuse, with respect to time. Besides the
hydrodynamic radius, DLS measurements provide additional information related to size
distribution and polydispersity of molecules in solution. Data obtained from Dynamic7
- Static, Dynamic, and Phase Analysis Light Scattering software were analyzed using

two fits: cumulant and regularization [98].

Each fit has different implications and interpretation. A cumulant fit analyzes
data with the assumption that particles exhibit unimodal distribution (i.e., they have
similar average size). On the other hand, a regularization fit represents data with
multimodal particle distribution. In this thesis, particles size determination of liposomes

used a regularization fit, due the multimodality of the samples.

3.4. Low Frequency Ultrasound Release Studies (Online Experiments)

The release of calcein from liposomes was triggered using 20-kHz LFUS, and
monitored by fluorescence changes using a QuantaMaster QM 30 Phosphorescence
Spectrofluorometer (Photon Technology International, Edison NJ, USA). Calcein, a
model drug, is a fluorescence molecule with excitation and emission wavelengths of 495
and 515 nm, respectively. As mentioned in Section 4.2.3, calcein was encapsulated as a
30 mM solution, which is a self-quenching concentration. Once US is applied, calcein
is released from the liposomes to the surrounding medium, it gets diluted thus relieving
the self-quenching, which can be monitored by an increase in fluorescence. The

fluorescence of calcein is dependent on pH. Maherani et al. [99] found that the
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fluorescence intensity (FI) of calcein decreases below pH 4.5, and that it is independent
of pH between 6.5-10.

The liposomal suspension was diluted with PBS buffer (pH 7.4) in a fluorescence
cuvette, which was then inserted in the spectrofluorometer chamber. The 20-kHz
ultrasonic probe (model VC130PB, Sonics & Materials Inc., Newtown, CT) was inserted
2 mm into the cuvette through the specified opening of the spectrofluorometer. The
initial fluorescence (Fi) was recorded for the first 60 s without sonication to generate a
baseline. Then, sonication was turned on for a total of 13 min in a pulsed mode with 20
s on and 10 s off. Figure 12 clearly shows an increase in the fluorescence level during
the on cycle (i.e., drug release occurs), while remaining in a plateau during the off cycle.
In this thesis, three different machine power settings were examined at 20%, 25%, 30%
which are equivalent to power densities of 6.08, 6.97, and 11.83 W/cm? [100, 101].
Finally, after approaching the maximum release (i.e., a plateau in release after 13
minutes), 2% (w/v) Triton X-100 (Tx100) was added to the sample cuvette (final
concentration 0.48 mM) to lyse liposomes and release all the encapsulated calcein,
which corresponds to fluorescence at 100% release. The percentage of calcein release
was then calculated at a given time using the fluorescence intensity values obtained
experimentally according to the following equation,

F-F,

% Drug Release = x 100 Eq. (5)

Tx100~—Fo
where F is the fluorescence intensity at time (t) of insonation, Fo is the average of the
initial fluorescence intensity before exposing the sample to US, and Frxoo is the
maximum fluorescence achieved after lysing liposomes with Tx100. For comparison

analysis, data were further normalized.

3.5. High Frequency Ultrasound Release Studies (Offline Experiments)

High frequency release experiments were performed using 1.07-MHz and 3.24-
MHz Ultrasonic probes (Precision Acoustics, Dorchester, UK) that are connected to an
AC amplifier (High Voltage Amplifier WMA-300, Falco Systems, Amsterdam, The
Netherlands). Samples were prepared similarly to those described in Section 4.4, i.e., the
liposome suspension was diluted with PBS pH 7.4, in a fluorescence cuvette. The cuvette
was placed in the fluorometer chamber to read the initial fluorescence intensity
(baseline) for 1 min. Then, the liposome sample was transferred to a small beaker
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partially immersed in a water bath at a certain distance above the suspended probe. The
beaker was covered with parafilm to avoid any losses due to vaporization by US. The
sample was sonicated under a continuous mode (in contrast to pulsed mode in LFUS
release experiments), at a given frequency and voltage, for 10 minutes after which the
sample was transferred to the fluorescence cuvette to record its fluorescence intensity
for 1 min. The process was repeated every 10 min, for a total insonation time of 60 min.
Afterwards, the detergent Tx100 was added to lyse the remaining liposomes and to

record the maximum intensity of fluorescence, that corresponds to the final release.

In this work, the release was studied at 1.07 MHz at two power densities (10.5
and 50.2 W/cm?), and at 3.24 MHz, at a power density of approximately 173 W/cm?.
The normalized percentage of drug release was calculated using Eq. (5), but the values
of Ft and Frxi00 Were substituted as averages over their period of insonation. Figure 13
shows, as an example, the fluorescence recorded for an experimental replicate followed
by one sample calculation afterwards.
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Figure 12: Online release experiment in a pulsed mode.
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Figure 13: Fluorescence profiles for an offline experiment after 60 minutes of insonation with a
10-minute interval.

3.6. Statistical Analysis
The differences between results were compared using a two-tailed t-test with the
assumption of unequal variances. Two values were considered significantly different

when p<0.05 (unless otherwise stated).
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Chapter 4: Results and Discussion

In this chapter, results will be presented and the corresponding discussion will
be based on experiments conducted according to procedures outlined in chapter 4.
Before preparation of liposomes, cyanuric chloride was attached to DSPE-PEG-NH> and
estrone. Cyanuric chloride perform a di-substitution as reported by Blotny [96]. First,
the targeting moiety, ES-N3C3Cl> was tested by an IR instrument, refer to Section 5.1.
Then, particle size of both types of liposomes, control and ES-conjugated liposomes,
was determined by DLS measurements, refer to Section 5.2. In the subsequent sections,
low frequency and high frequency normalized release results were analyzed to study the
effect of different power intensities and the role of the targeting moiety on drug release.
Additionally, the type of cavitation incidents behind the release phenomenon was

determined.

4.1. Infrared Spectra of the ES-N3CsCl2 Conjugate

Infrared spectra of estrone, cyanuric chloride and estrone-cyanuric conjugate
were obtained to assess the reactivity of the hydroxyl group in estrone and to confirm
whether the targeting moiety (estrone-cyanuric) was synthesized before reacting with
DSPE-PEG2000-NH2. To test the outcome of the reaction, IR spectra of the reaction
product (estrone-cyanuric) and reactants (estrone and cyanuric chloride) were obtained
and are displayed in Figure 14. The alcohol group in estrone (at a stretching frequency
of 3343.43 cm™) was not detected after the reaction which confirms the formation of the

estrone-cyanuric conjugate.
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Figure 14: IR spectra of estrone and cyanuric chloride before the reaction (ES + (NCClI)z) and the
formed conjugate (ES-NsCsCly) after the reaction.
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4.2. Particle Size Measurements by DLS

The size of both control and ES-conjugated liposomes was determined by DLS
according to the procedure outlined in Section 4.3. The results obtained are averages +
standard deviation of 3 different batches of liposomes. Based on the regularization fit, a
radius of 92.9+15.8 nm was calculated for the ES-conjugated liposomes, while a radius
of 96.75+3.83 nm was obtained for control liposomes. Thus, based on size, both types
of liposomes are categorized as LUVs.

A two-tailed t-test with unequal variances was followed to test the significance
of the type of liposomes on their size. It was found that there is no statistically significant
difference between the sizes of both types of liposomes (p>0.7). The average
polydispersity percentage (%Pd) for both types of liposomes was above 15% (24.0 +
1.90% for ES-targeted liposomes, and 24.0 + 1.43% for control liposomes), indicating a
heterogeneous distribution of particles.

4.3. Low Frequency US-induced Release
4.3.1. DSPE-PEG2000-NH2 (control liposomes).

In release experiments, prior to starting the test, at least one sample (per batch)
was utilized to generate the baseline and the maximum release (after adding Tx100)
without any insonation. This provided an indication and validation of the maximum

release for the following experiments.

In this section, two batches of control liposomes (3 replicates each) were
insonated using a 20-kHz probe, and drug release was investigated at three power
densities: 6.08, 6.97, and 11.83 W/cm? [100, 101]. The normalized averaged release
profiles, highlighted with standard deviation, of control liposomes are shown in Figure
15. As can be seen, the initial rate of release increased with increasing power amplitudes
during the first 200 seconds. After 13 minutes of pulsed insonation, Tx100 was added to
lyse liposomes and fluorescence was measured for an additional 2 minutes to reach the
maximum release. However, by adding Tx100, it was noticed that the fluorescence level
was only slightly above the preceding plateau which indicates that liposomes have

released most of their encapsulated calcein contents.
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Figure 15: Normalized release profiles for DSPE-PEG2000-NH: liposomes triggered by 20-kHz
LFUS at the power densities indicated in the legend. Results are average + standard deviation of 2
liposome batches (3 replicates each).

From the release curves shown in Figure 15, initial and final rates of release were
calculated. The initial release rates were approximated by the normalized fluorescence
values obtained after the first (60 to 90 sec) and second pulses (90 to 120 sec) of US.
The final release was calculated after 13 minutes of pulsed insonation by adding Tx100
to lyse the remaining liposomes in solution. Figure 16 shows these results, which are
also summarized in Table 3. The percentage of release after the first US pulse
significantly increases (p<0.05) with power density: the percentage of release at 6.08
W/cm? is significantly lower (p=5.87x103) than the release obtained at 6.97 W/cm? and
also significantly lower (p=1.42x10°) than the one obtained at 11.83 W/cm?. The release
at 6.97 W/cm?is also significantly lower (p=0.042) than the one at 11.83 W/cm?. Similar
results were obtained when comparing the release after the second US pulse: the release
significantly increases (p<0.05) with increasing power density. These results show that

the release is faster for higher power densities.

The final percentages of release were very similar for all power densities, and the
statistical analysis revealed that the differences between 6.08 and 6.97 W/cm? are not
statistically significant (p = 0.51), however the release at 6.08 W/cm? is significantly
lower (p = 0.01) than at 11.83 W/cm?, and similarly, the release at 6.97 W/cm? is also

significantly lower (p = 0.04) than at the highest power density employed in this work.
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(3 replicates each), and are shown for first two pulses in addition to final release.

Table 3: Calcein release from DSPE-PEGzo00-NH2 liposomes triggered by 20-kHz US at the

indicated power densities. Results are average + standard deviation of 2 liposome batches (3

replicates each).

Calcein release (% of normalized
fluorescence
Power density (W/cm?) )
Pulse #1 Pulse #2 Final Release
6.08 24.36 £3.88 |44.77+ 596 |(94.08+3.19
6.97 34.84+6.87 5890+ 589 (95.13+ 2.79
11.83 41.97 +4.72 |68.61+£2.95 [97.93+ 1.53

Based on the mechanical
collapse/transient cavitation is more likely to occur at low frequencies and high
intensities, according to Eqg. (4). Collapse/transient cavitation may also occur if the
frequency is enough to counteract the effect of low power density. The Ml threshold
required to induce a collapse/transient cavitation is 0.7 as reported by Apfel and Holland
[102] assuming the existence of free bubbles nearby. Using Eq. (4), the MI values
calculated were 3.02, 3.23 and 4.21 for 6.08, 6.97 and 11.83 W/cm?, respectively. Hence,

index that was described
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collapse/transient cavitation thresholds were achieved in all of the experiments.
Referring to Figure 12, it is noticed that sonoporation of the liposomal membrane
occurred during the phase of exposure to US. This is detected by an increase in
fluorescence. On the other hand, the fluorescence ceased to increase once US is turned
off indicating that the membrane restored its impermeability by healing its pores. Thus,
it is expected that the release obtained at 20 kHz is mainly due collapse/transient
cavitation as discussed by Schroeder et al. [103], Richardson et al. [104], and Lorenzo
and Concheiro [105]. Schroeder et al. [52] reported that the power density threshold for
cavitation induced by LFUS is approximately 1.2 W/cm? at 20 kHz. Evjen [106] further
investigated whether liposomes disintegrate upon exposure to US by conducting an
HPLC test on Dox-encapsulating DOPE-based and DSPE-based liposomes before and
after exposure to 40-kHz and 1-MHz US. This analysis concluded that molecules of
Dox, cholesterol and phospholipids did not disintegrate after being exposed to US but
kept their chemical structure intact. Based on that, it is believed that sonoporation is the
main mechanism for drug release from liposomes triggered by US, while the chemical

integrity of lipids is preserved after exposure to US.

A comparison of the release from the DPPC-chol-DSPE-NH: liposomes studied
here, with to DPPC-chol-DOPE-pNP liposomes previously synthesized in our group
[100], showed that the release from the liposomes studied in this work occurs at a higher
rate at each power density investigated, which may be either attributed to the type of
lipids or due to the pNP group attached. In fact, the inclusion of DSPE in the liposome
bilayer makes it more rigid [106], and hence more susceptible to rupture than DOPE
because the former is a saturated lipid while the latter is an unsaturated lipid. The phase
of a liposomal membrane is classified as a solid-ordered (SO) (also known as crystalline,
or gel phase), liquid-disordered (LD) (also known as fluid, or liquid crystalline phase),
or liquid-ordered (LO) [107]. The highest permeability is achieved when the membrane
is in LD phase [52]. However, a membrane experiencing a phase transition is found to
be more permeable than the LD phase because of having more than one phase at the
same time, as reported by Jgrgensen and Mouritsen [107]. Following this analysis, it is
expected that a chaotic change in the membrane phase will result in a greater leakage
(i.e., more drug release). Therefore, it is expected that higher release is obtained from
saturated lipids than unsaturated ones since the former are more rigid and will result in

a phase change from SO to LD once exposed to US. However, a study conducted by
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Evjen claims that DOPE-based liposomes have a higher sonosensitivity to US than
DSPE-based liposomes [106]. However, the author also showed that the incorporation
of DSPE-PEG in DOPE-based liposomes enhances sonosensitivity, and has further
concluded that the optimum membrane composition that would achieve the highest
response to US should have DOPE, DSPE-PEG, and a low level of cholesterol [106].

4.3.2. DSPE-PEG2000- N3C3CI-ES liposomes.

For ES-targeted liposomes, an analysis similar to the one presented in Section
5.3.1 was performed, with results also obtained using two batches of liposomes (3
replicates each) sonicated at the same frequency and power densities. The release

profiles are shown in Figure 17.

As seen in the case of control liposomes, the initial and final percentages of
release were calculated from the obtained release curves (Figure 17), and the results are
shown in Figure 18 and Table 4. In this case there are no significant differences (p>0.05)
between the initial release rates (first and second US pulses) and the final release for the
power densities 6.08 W/cm? and 6.97 W/cm?. The releases after the first and second
pulses are significantly higher for the highest power density, when compared to the 6.08
W/cm? (p = 8.85x10® and p=3.13x1077, respectively) and to the ones obtained at 6.97
Wicm? (p = 4.39x10° and p=1.10x103, respectively). There were no statistically
significant differences (p>0.05) of the final release percent for the three power densities
studied. Furthermore, similarly to the discussion in Section 5.3.1, the mechanism of
release is believed to be due to cavitation according to the calculated M1 values tabulated

in that section.
Table 4: Calcein release from DSPE-PEGao00- N3C3CI-ES liposomes triggered by the

20-kHz probe at the indicated densities. Results are average + standard deviation of 2
liposome batches (3 replicates each).

Calcein release (% normalized
i fluorescence)
Power density (W/cm?)
Pulse #1 Pulse #2 Final Release
6.08 39.42+227 |59.85+ 3.30 [97.13+£2.70
6.97 42.40+8.74 165.34+ 8.95 |94.85+ 5.47
11.83 5496 +343 |81.45+265 [98.69% 2.06
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Figure 17: Normalized calcein release profiles from DSPE-PEG2o00- N3C3CI-ES liposomes
triggered by 20-kHz LFUS at the power densities indicated in the legend. Results are
average + standard deviation of 2 liposome batches (3 replicates each).
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Figure 18: Normalized release profiles for DSPE-PEG2000-NH: liposomes triggered by 20-kHz
LFUS at 6.08, 6.97, and 11.83 W/cm?. Results are average + standard deviation of 2 liposome batches
(3 replicates each), and are shown for first two pulses in addition to final release.
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Researchers have conducted extensive studies in the area of micelles triggered
with US [108-111] but studies using ES-conjugated liposomes are scarce. Paliwal et al.
[12] investigated Dox release of a PC-based liposomal formulation with DPPE-PEG-ES
using the dialysis tube method. Assuming that sonosensitivity is independent of the
encapsulated chemical (i.e., Dox or calcein), as reported by Evjen [106], the maximum
Dox release that was achieved by Paliwal for ES-conjugated liposomes using the dialysis
tube method was 47.3 + 1.34% after 24 h [106]. This release, and even higher, was easily
achieved when the DSPE-PEG calcein-encapsulating liposomes, described in this work,
were triggered with only one US pulse (20 s insonation), at a power density of 11.83
W/cm?.

While no acoustically activated release from targeted liposomes have been
previously reported in literature, US as a trigger has been used to stimulate release from
targeted micelles. Initial release percentages for micelles were higher mainly because
the structure of these drug delivery carriers is composed of a single layer (not a bi-layer
as is the case with liposomes). In fact, 1-2 seconds were sufficient to cause
approximately 8% release of doxorubicin from Pluronic® P105 micelles at 6 W/cm?,
and 70-kHz US [112]. The US release from micelles also showed a statistically
significant difference between targeted and non-targeted micelles (with the targeted
micelles showing higher release percentages) [112, 113]. There are three differences
between acoustic micellar and liposomal release experiments. First, 70-kHz US was
employed in the micellar experiments, while 20-kHz US was used for the liposomal
experiments. Second, an actual chemotherapeutic drug was encapsulated inside the
micelles as opposite to a model drug encapsulated inside liposomes. Third, the targeting
moiety conjugated to the micelles was folic acid while in this study estrone was used to
induce receptor mediated endocytosis via the use of targeted liposomes. Still a
comparison is fruitful here, because both 20- and 70-kHz are in the low acoustic
frequency range, Dox and calcein have similar molecular weights and aromatic rings,
and both folic acid and estrone are low molecular weight targeting moieties. Finally, it
should be noted that upon the termination of sonication, encapsulated drugs are re-

encapsulated inside the micelles but not inside liposomes.
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4.3.3. Comparison between ES-conjugated and control liposomes.

In this section, a comparison between control and ES-conjugated liposomes in
terms of calcein release under the influence of US was investigated using the final
release percent, as well as the release achieved after the first two pulses. Figure 19 shows
a comparison between the averaged release profile of ES-conjugated and control
liposomes at each power density. The comparisons between release after first pulse,
second pulse and final release, for both types of liposomes, are shown in the histograms
in Figure 20. A two-tailed t-test with unequal variances showed that there are no
statistically significant differences (p>0.05) between the final releases from targeted and
non-targeted liposomes at all power densities. On the contrary, targeted liposomes
showed a significantly higher release than non-targeted liposomes at 6.08 W/cm? and
11.83 W/cm?, after the first (p=1.36x10° and p=6.63x10", respectively) and the second
US pulses (p=6.64x10"° and p=2.54x10, respectively).

Estrone, which is very similar to cholesterol [114], is insoluble in aqueous
solutions [115]. Hence, there is a great chance that some of the estrone molecules, that
are anchored to the surface of liposomes, attempt to escape the surrounding medium
(i.e., the aqueous PBS buffer) by incorporating themselves into the bilayer membrane.
The inclusion of estrone molecules into a phospholipid membrane is believed to affect
its nature as reported by Troxell et al. [114]. This may cause disorder and defects in the
membrane of liposomes, which ultimately may facilitate release as sonoporation takes

place.
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Figure 19: Comparison of the normalized calcein release profiles from DSPE-PEG2o00- N3C3CI-ES
and DSPE-PEG2o00-NH: liposomes triggered by 20-kHz LFUS at (A) 6.08 W/cm?, (B) 6.97 W/cm?
and (C) 11.83 W/cm?. Results are average + standard deviation of 2 liposome batches (3 replicates
each).
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liposomes triggered by 20-kHz LFUS at the indicated power densities. (A) Release after the first US
pulse, (B) release after the second US pulse, (C) final release.
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4.4. High Frequency US Release
4.4.1. DSPE-PEG2000-NH2 (control liposomes).

In this section, the results of the HFUS-triggered calcein release from control
liposomes, as described in Section 4.5, are described. High frequency US (HFUS) is a
term used for US waves with frequencies higher than 1 MHz [52]. In this work, two high
frequencies were tested, 1.07 MHz and 3.24 MHz, at two power densities (10.5 and 50.2
W/cm?) for the former, and one power density (~173 W/cm?) for the latter frequency.
Two batches of control liposomes were sonicated at each power density, and at least
three technical replicates were performed. The release profiles for both 1.07 and 3.24

MHz are shown in Figure 21.

When using 1.07-MHz HFUS, as shown in Figure 21, it was observed that the
release significantly increased (p<0.05) with power density at each time point, except at
10 min. The release at 10.5 W/cm? was much lower than at 50.2 W/cm?, and it barely
showed an increase with time, ultimately reaching a final release of 8.45% after 60 min
of insonation. On the other hand, the release at the higher power density (50.2 W/cm?)
showed a high rate of increase during the first 20 minutes of insonation, after which the
increase continued at a slower rate. At this power density, the final release achieved after
60 min of insonation was 81.67%, approximately 10 times more than that achieved at
10.5 W/cm?, At 1.07 MHz and 50.2 W/cm?, it was noticed that the standard deviation is
huge at the first 10 minutes of insonation. This is due to random attenuation of US waves

as bubbles formed on the external surface of the beaker holding the sample.

The release profile at the higher frequency of 3.24 MHz showed a more sustained
pattern of linear increase with time, but the calcein release after each 10-minute
insonation is still less than that achieved when using the higher power density at 1.07
MHz, refer to Figure 21. Table 5 summarizes the average percentage of release for all

power densities at the aforementioned frequencies.
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Figure 21: Normalized calcein release profiles from DSPE-PEG2000- NH2 liposomes, triggered by
1.07 and 3.24-MHz HFUS, at the two power densities indicated in the legend. Results are average +
standard deviation of 2 liposome batches (3 replicates).

Table 5: Calcein release from DSPE-PEG2000-NH: liposomes triggered
by the 1.07 and 3.24-MHz probes at 10.5, 50.2, and 173 W/cm? power
densities. Results are average of 2 liposome batches (3 replicates each).

Calcein release (% normalized fluorescence)
Time (min) 1.07 MHz 3.24 MHz
10.5 W/cm? | 50.2 W/cm? | ~173 W/cm?
10 2.73 30.54 16.60
20 3.20 65.79 28.02
30 6.55 71.58 43.42
40 5.93 73.68 54.33
50 7.16 78.95 63.14
60 8.45 81.67 70.92

The mechanical indices were determined in a similar way to those calculated in
the LFUS sections. The calculated M1 values were 0.54, 1.19 and 1.27 for 10.5, 50.2 and
173 Wicm?, respectively. At 10.5 W/cm?, it was observed that only 8.45% calcein
release was achieved after one hour of insonation which implies that collapse cavitation
has not been achieved when compared to releases at the other two power densities. This

is supported by the fact that the calculated MI at that power density is below the
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threshold value for collapse cavitation (MI1=0.54<0.7), hence release might have been
induced by the effect of hyperthermia and/or stable cavitation. The mechanism of release
at both 50.2 and 173 W/cm? is believed to be due to collapse/transient cavitation, since
the corresponding M1 values exceed the threshold value needed to induce cavitation.
However, release was observed to be higher at 50.2 W/cm? as compared to release
achieved at 173 W/cm? because higher frequency was used for the latter power density.
The observation is consistent with the fact that attenuation of US waves increases as
frequency increases [116]. Thus, to achieve a higher release at 3.24 MHz, power density
should be increased to compensate for energy losses (i.e., heat dissipation). Based on
literature, release is expected to be higher at LFUS than HFUS since cavitation events
are easier to be induced at the former condition. The reason for this behavior is due to
the fact that cavitation has more chance to occur when bubbles are given enough time to
grow and collapse, which is achieved at LFUS because the time interval for the negative

peak pressure is sufficient for nucleation [102].

The liposomes synthesized in this thesis are DPPC-based (i.e., the major lipid
constituent), with a small fraction of DSPE-PEG and cholesterol. The transition
temperature of DPPC is 41.5° C [117], and the transition temperature of DSPE is even
higher (74° C) [118], but the inclusion of cholesterol counteracts the effect of DSPE by
lowering the transition temperature of saturated lipids. Therefore, it is believed that
hyperthermia may be one reason for permeating the membrane and for releasing calcein,
especially at 3.24 MHz because the attenuation of US waves (and conversion to heat)
increases with increasing frequency [105]. Another mechanism that may contribute to
calcein release is “acoustic streaming,” which has a mechanical effect rising from the
partial absorption of US energy by the fluid. This energy is translated then to a
convective flow in the direction of US propagation, thus inducing mixing and the
collision of nanoparticles that may ultimately rupture the membrane and release

encapsulated calcein.

4.4.2. DSPE-PEG2000- NsCsCI-ES (targeted liposomes).

Similar to the analysis conducted in Section 5.4.1, two batches (3 replicates each)
of liposomes targeted with ES-N3C3Cl. conjugate were tested for release at the same two
frequencies (1.07 and 3.24 MHz) and power densities. Insonation was conducted for 60

minutes in 10-min intervals, after which the fluorescence was recorded. The release
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profiles at 1.07 MHz, shown in Figure 22, are similar to those obtained previously in
Figure 21. Clearly, calcein release increases as the power density increased from 10.5 to
50.2 W/cm? at each time interval. As noticed in Figure 22, specifically at 50.2 W/cm?,
the calcein release increased at a higher rate during the first 30 minutes of insonation
compared to that during the last 30 minutes. Similar behavior was also noticed with
control liposomes. On the other hand, the release at 10.5 W/cm? showed a slight increase
with time and reached a final release of only 21.51% compared to 79.31% at the higher
power density. For all the time points, except the first 10 min, the release at 10.5 W/cm?

was significantly lower (p<0.05) than at 50.2 W/cm?.

The release at the higher frequency of 3.24 MHz (173 W/cm?) exhibits a linear
increase with time and the final release after one hour was 63.02%, which is lower than
that achieved at 1.07 MHz, 50.2 W/cm?. The mechanism of release is expected to be due
to hyperthermia and/or stable cavitation at 10.5 W/cm? and collapse/transient cavitation
at 50.2 and 173 W/cm?, similar to the analysis proposed in Section 5.4.1. Additionally,
acoustic streaming and hyperthermia may also have contributed to release at 3.24 MHz.
Based on the t-test results shown, the release increases significantly with power density
except for the first 10 minutes of insonation. Table 6 summarizes the average percentage

of release for all power densities and frequencies.
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Figure 22: Normalized calcein release profiles from DSPE-PEGa2000-N3C3CI-ES liposomes,
triggered by 1.07 and 3.24-MHz HFUS, at the two power densities indicated in the legend. Results
are average * standard deviation of 2 liposome batches (3 replicates).
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Table 6: Calcein release of DSPE-PEGz000- N3C3CI-ES liposomes triggered
by the 1.07 and 3.24-MHz probes at 10.5, 50.2, and 173 W/cm? power
densities. Results are average of 2 liposome batches (3 replicates each).

Calcein release (% normalized fluorescence)
Time (min) 1.07 MHz 3.24 MHz
10.5 W/cm? | 50.2 W/cm? | ~173 W/cm?
10 5.18 8.50 13.60
20 6.41 36.99 27.43
30 11.07 66.81 40.96
40 11.71 73.95 50.49
50 21.44 77.44 57.26
60 21.51 79.31 63.02

4.4.3. Comparison between ES-conjugated and control liposomes.

A comparison between ES-conjugated liposomes and control liposomes at each
frequency and power density was also performed, and the results are presented in Table
7. No statistically significant differences were found between the two types of liposomes
except at 1.07 MHz-10.5 W/cm?, when the release from estrone liposomes was
significantly higher (p <0.05) at 50 and 60 min and after the 20 min of the 1.07 MHz-
50.2 W/cm?. Hence, the effect of the targeting moiety (ES-C3NsCly) seems to be
negligible, i.e., this targeting moiety does not interfere with release at HFUS. Figure 23

below shows all the release profiles for HFUS experiments.
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Figure 23: Comparison of the normalized calcein release profiles from DSPE-PEG2o00- N3C3CI-ES

and DSPE-PEG2000-NH: liposomes triggered by 1.07 and 3.24-MHz HFUS, (¢) ES-1.07 MHz, 10.5

Wi/cm?, (m) ES-1.07 MHz, 50.2 W/cm?, (A) ES-3.24 MHz, 173 W/cm?, ) Control-1.07 MHz, 10.5

W/cm?, (o) Control-1.07 MHz, 50.2 W/cm?, (A) Control-3.24 MHz, 173 W/cm?. Results are average
+ standard deviation of 2 liposome batches
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Table 7: T-test with unequal variances including the p-values to compare
calcein release from ES-conjugated versus control liposomes triggered by
the 1.07 and 3.24-MHz probes at 10.5, 50.2, and 173 W/cm? power densities

Time (min) 1.07 MHz 3.24 MHz
10.5W/cm? | 50.2 W/cm? | 173 W/cm?

10 0.2465 0.2542 0.1903

20 0.1702 0.0169 0.8012

30 0.1661 0.3244 0.6374

40 0.1087 0.9424 0.2014

50 0.0293 0.7101 0.1329

60 0.0452 0.5198 0.1709
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Chapter 5: Conclusion and Recommendations

Drug delivery systems are nanoparticles that are designed to transport cytotoxic
drugs specifically to tumor sites to spare the surrounding tissues from the adverse effects
associated with conventional chemotherapy. Liposomes are one of the nanocarriers that
are being used to target tumors either by the EPR effect, or more selectively by attaching
a targeting moiety that matches a receptor present on the surface of cancer cells. Once a
nanocarrier reaches the target site, it requires a triggering stimulus to release its load. In
this thesis, DPPC-based liposomes that encapsulate calcein and targeted with estrone-
cyanuric conjugate were prepared as part of a potential treatment for breast cancer.
Additionally, non-targeted liposomes were prepared and both types of liposomes were

tested for calcein release in response to US triggering.

After preparing the liposomes according to the lipid film hydration method, the
sizes of both, targeted and non-targeted, were determined by DLS and were found to be
similar and categorized as LUVs. The LFUS release experiments showed no statistical
significance in what concerns calcein final release, when comparing both types of
liposomes at the same power amplitude/density. On the contrary, estrone-conjugated
liposomes showed a significantly higher release during the first two US pulses at 6.08
and 11.83 W/cm? power densities in comparison to their non-targeted counterparts. By
studying the effect of power densities on release, both types of liposomes reflected
significantly higher release with increasing power densities during the first two pulses.
However, final release showed a different response to power density for control
liposomes compared to estrone-conjugated liposomes. Finally, regarding HFUS release
experiments, all liposomes showed a significant increase in release with increasing
power densities, but did not show a statistical significant difference when both types of

liposomes were compared at a certain power density and frequency.

To extend this thesis further in the future, more in vitro release experiments are
required with various power densities, especially at high frequencies which are more
appealing for drug delivery researchers since waves can be easily focused at HFUS when
compared to focusing at LFUS. Additionally, the investigation of doxorubicin release
will further improve the utility of this drug delivery system. After collecting enough
data, the dynamics of drug release can be modeled using mechanistic and stochastic

models to provide us with a model that depicts and control the release at different
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frequencies and power densities. Based on in vitro studies, the optimum parameters of
US can be determined to be applied in cytotoxicity studies using human breast cancer
cell line (MCF-7) and detected using a flow cytometer instrument. For in vivo studies,
an important issue to be considered is the nature of estrone that is conjugated to the
surface of liposomes. Estrone is a hydrophobic molecule, meaning that it will try to avoid
the interaction with a surrounding medium if it is aqueous. In this work, estrone
molecules are conjugated to PEG spacers that are attached to the surface of liposomes,
thus these molecules will escape the aqueous medium by incorporating themselves in
the membrane bilayer. This behavior will affect the ability of liposomes to target their
receptors, and one proposed remedy would be to increase the spacer length (PEG) in
order to hinder estrone from folding back to the lipid bilayer.
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