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Abstract

Anti-neoplastic drugs used for cancer treatment have various damaging effects on
healthy cells, leading to several side effects in patients undergoing chemotherapy. The
encapsulation of these agents in nanoparticles, such as micelles, reduces their adverse
effects on healthy tissues in the body, thus decreasing the side effects of conventional
chemotherapy. The aim of this work is to develop a MATLAB program to measure the
kinetics of drug release from targeted and non-targeted micelles, triggered by the use
of ultrasound, followed by re-encapsulation of the drug in the micelles once the
stimulus has been turned off. This program allows the determination of three constants
a, B and A that define the release and re-encapsulation behavior in our drug delivery
system. After the simulation was done through the MATLAB program, the results
showed that drug release is proportional to increasing power density, as evidenced by
the correlation between the alpha parameter and power density. Additionally, the re-
assembly behavior, quantified by the beta parameter also increased as the power density
increases. The third parameter, lambda, which is associated with the initial phase of the
release process, showed a constant value regardless of the insonation power density. A
better understanding of the kinetics involved in this drug delivery system helps in

determining the best ultrasound parameters to be used in future in vitro experiments.

Search terms: Pluronic®, P105, micelles, Dox, cavitation, folated, cancer.
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Chapter 1 : Introduction

1.1. Background

In the human body, cells are continuously regenerating and getting replaced in
a cycle where older cells die because of a genetic program that defines their life cycle.
Once the period over which the cell is programmed to live is over, it gets replaced by
new cells which were produced as a result of a process known as cell division. This
process happens normally in the body, and its timing depends on the type of the cells
(e.g. the epithelial layer in skin should be replaced every 10 days). The cell cycle is
controlled at several levels, including at the gene level. Genes are subjected to mutation
processes and, in case of a mutation in gene or genes related to cell cycle regulation,
the cell division and tissue growth may be impaired and lead to the abnormal growth of
cells, originating tumors in tissues and organs [1, 2]. Cancer is a type of tumor which

grows unconfined and may spread to several other tissues and organs.

Research in cancer treatment has been the interest of many medical
organizations due to it being the leading cause of death in Europe and North America,
while being the second leading cause of death in the less developed countries, especially
in Africa [3, 4]. The treatment of cancer usually involves subjecting the patient to a
chemical treatment, termed chemotherapy, which usually requires different sessions
and doses. Although chemotherapy may be effective in cancer treatment, it has
unwanted effects on healthy cells and organs. Hence, scientists are searching for other
methods in drug delivery to decrease its unwanted effects, without affecting its efficacy

in killing cancer cells [5-7].

The science of nano- and micro-technology has been widely used in different
branches of science, especially in medicine. Focusing on cancer treatment, it was found
that nanoparticles can sequester the chemotherapy drugs inside their core or within their
bilayer membrane, depending on the type of carrying vesicles used. Using nanoparticles
to encapsulate drugs helps in decreasing the damage caused to healthy cells because it
focuses the effect of chemotherapy on the tumor cells by controlling the time when, and
space where, the drugs are released [5-8].

There are many types of drug carriers that can be used, including nanospheres,

nanocapsules, dendrimers, micelles and liposomes. Different drug delivery carriers are
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shown in Figure (1-1). Micelles, the most commonly used vesicles in drug delivery

after liposomes, are the focus of this study.
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Figure 1-1: Different types of nano-sized drug carriers [6].

There are many types of micelles differing in their composition. The shape and
size of these particles are different based on the original material used in their synthesis.
Micelles are usually made up of polymeric material that gives them their specific
characteristics. Polymeric micelles are amphiphilic blocks of copolymers that self-
assemble as core-shell structures. The type of drugs that can be encapsulated inside

these carriers depends on the carrier structure, whether the drug is hydrophobic or

hydrophilic, as well as on the tumor type [8].

Modifications on drug carrier systems can improve the results of the treatment.
The modifications can be done to the carrier itself, for example by adding some
targeting moieties to improve their capability to bind to tumor cells. This is called active
targeting, and one example is the folate moiety, which binds the folate receptor over-
expressed on several cancer cells. Additionally, external factors such as ultrasound
(US), hyperthermia and magnetic fields, can be used to trigger the drug delivery, a
process known as triggered targeting. In general, the purpose of these modifications is
to target the tumors, while the nano-carriers are referred to as targeted drug delivery
carriers [6, 7].
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The most common drugs used in chemotherapy belong to the anthracycline
family, and Doxorubicin (Dox) is widely used and effective for the treatment of cancer.

However, it has several side effects including cardiotoxicity and non-specificity [5, 7].

1.2. Objectives

The main objective of this thesis is to design a computer program using
MATLAB in order to fit the experimental release data. Then this program will be used
to calculate rate constants for both release and re-encapsulation, for targeted and non-
targeted micelles, as a function of power density. Then, a statistical comparison
between the different parameters employed in this drug delivery technique will be

reported.

1.3. Work Methodology

The aim of this research is the design of a MATLAB program to model the
kinetic behavior of release from targeted (Folated) and non-targeted (non-Folated)
polymeric micelles, using US as a trigger. The model was originally published in order
to calculate the kinetic constants associated with the release and re-encapsulation
phenomena associated with drug delivery systems (DDS) [9, 10]. The main concept
behind this model is the cavitation phenomenon that generates shock waves piercing

the micelles open and releasing the drug.

1.4. Thesis Organization

The structure of this thesis is as follows. First, a detailed literature review on
micelles and targeting is presented. Then, the major objectives of the thesis are detailed.
The theory of the work, where the model is summarized, is followed by data analysis.
In the Results and Discussion section, the results are plotted and analyzed to deduce a
general trend, and then discussed in terms of the correlation between each constant and
the ultrasound power densities employed in this research. The results comparing the
acoustic release kinetics and subsequent re-encapsulation from targeted and non-
targeted micelles are also presented followed by the conclusions and future work

recommendations.
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Chapter 2 : Literature Review

2.1. Micelles

In order to reduce the side effects of conventional chemotherapy drugs on
healthy cells, it is important to use an intermediary that sequesters these drugs in a
package, and then delivers them to the diseased cells. One of the important carriers
currently being studied are micelles formed using the Pluronic® family of tri-block
copolymers [11]. The classification of micelles is based on the type of intermolecular
forces involved in their formation. In general, there are three types of micelles:
amphiphilic micelles with predominance of hydrophobic interactions, polyion complex
micelles which have electrostatic interactions, and micelles stemming from metal

complexation [12].

Pluronic® micelles are amphiphilic blocks of copolymers that are capable of
self-assembling into core-shell structures. They are tri-block copolymers of
polyethylene oxide (PEO) and polypropylene oxide (PPO), PEO-PPO-PEO, with a
hydrophobic core and a hydrophilic shell, as shown in Figure (2-1). Hence, hydrophobic
drugs can be encapsulated inside the core of the micelle to be delivered to the tumor

site [11, 13].
‘5 Hydrophobic Drug

Hydrophilic Corona .
yelpgern Hydrophobic Core

Figure 2-1: The structure of a polymeric micelle [13].

The most common copolymer used in acoustically activated micellar drug
delivery is Pluronic® P105. This copolymer chain consists of 37 monomers of PEO
and 56 of PPO, with an equal weight fraction of both copolymers. The features that

make Pluronic® P105 a good choice over the other copolymeric types are its low
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toxicity, quick formation once dissolved in water, and stability above the critical
micellar concentration (CMC) due to its hydrophobic core [14]. CMC is defined as the
concentration of block copolymer at the time of micelle formation. If the concentration
of the block copolymer is below the CMC, the micelles will not form. The stability of
these micelles is affected by the CMC, especially when the copolymer is diluted in
bodily fluids. At room temperature, the CMC of Pluronic® 105 micelles is close to 1
wit% [15, 16].

The advantages of using micelles as chemotherapy carriers in comparison with
other carriers include their inherent size (10 to 200 nm) which helps them to escape
renal excretion, while allowing them to extravasate at the tumor site. Additionally, the
incorporation of the drugs inside their core is a simple process due to the hydrophobic-
hydrophobic interactions between the drug and the PPO core [13, 14, 17, 18].
Furthermore, micelles are easy to prepare, their shelf life is long [15] and, at low
concentration, they can sensitize multi-drug resistance (MDR) in cancer cells [19]. One
of their main disadvantages, however, is that they disassociate once diluted if the
concentration is below their CMC which makes them unstable, so they cannot sequester

the drug if their concentration is below a certain threshold [18, 20, 21].

From what was described, it is extremely important to determine the micellar
stability in order to know if their structure can release and re-encapsulate the drugs once
they reach the intended site. Also, it is very important to study the effect of stability in
relation to the rate of elimination of micelles from the body after their release at the
tumor site. The stability of micelles can be enhanced by cross-linking their core with a
suitable material such as poly(N,N-diethyl acrylamide). This cross-linking will enhance
their stability [22-24]. The stability of these micellar structures can be determined using
the fluorescent probe diphenyl-1,3,5-hexatriene (DPH) and dynamic light scattering, a

technique used to determine the size of particles [11, 25].

The method of incorporating anti-neoplastic agents inside P105 micelles is
relatively easy. First, a filtered stock solution of P105 of known concentration is
prepared in a phosphate buffered saline (PBS) solution. Subsequently, a solution of the
drug is added to the micellar solution, which results in micelles encapsulating the drug

at a known concentration [26, 27].
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2.2. Ultrasound

Ultrasonics is a branch of acoustics that studies sound pressure waves in a range
of frequencies higher than the upper limit of human hearing, which is 20 kHz [28].

Ultrasound (US)has the same physical properties as other waves, so it can be
reflected, absorbed and focused [28]. The concept of US is to transmit the pressure
waves through any media with frequencies above 20 kHz. Ultrasound has been widely
used in medicine mainly as an imaging technique [29], but its use in the last three

decades has dramatically increased due to new discoveries and possible applications.

One of the recent applications of US is its use in cancer treatment, because it has
a positive (synergistic) effecton the treatment efficiency, while contributing to a
decrease in the side effects of conventional chemotherapy [30]. US can be categorized
as high-intensity and low-intensity. Low-intensity US is used for medical imaging and,
to a lesser extent, for treatment purposes, while high intensity US is researched as a
treatment constituent to many types of cancers [31]. Ultrasound has been widely used
in medicine in general; however, high-frequency US is gaining more attention in cancer
treatment due to the fact that it is easily focused on the tumor in comparison with low-
frequency US [12, 32]. This aids in efficiently controlling the release of
chemotherapeutic agents from drug carriers, as will be explained shortly. Furthermore,
an increase in the US frequency allows the acquisition of clearer images of the tumor,
which helps in the drug release process without the need for extra instruments [9].
Additionally, it enhances the drug uptake in cells and tissues and facilitates the
dissolution of clots for the treatment of blood strokes [29]. Additionally, US is non-

invasive and thus the disadvantages of surgery can be avoided [9].

In in vitro drug release and cancer treatment research studies, the use of
fluorescence techniques can be done in two ways: (i) the offline method where the
sonication of the sample is done externally and then the fluorescence level is measured
afterwards; and (ii) the online method which involves the use of a sonication chamber
fitted with a fluorescence measurement device [33]. In the sonication chamber, an
ultrasonic exposure of the sample happens while simultaneously and continuously
monitoring the fluorescence level using a fluorescence detector. The release studies can
be done when a fluorescence molecule is encapsulated inside the nanocarrier at self-

guenching concentrations. Doxorubicin, mentioned previously, is a fluorescent
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molecule, absorbing light at 488 nm and emitting fluorescent light between 530 and
630 nm [27, 34].

Ultrasound is applied using a transducer with a known frequency, measured by
a hydrophone placed in the chamber. The fiber optics use lasers to detect the fluorescent
changes during the application of US and the data is collected and analyzed [27, 35]. A
simple US chamber is shown in Figure (2-2):

Fil::‘er Optics
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) . /

_—
] -
' —
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—_—
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—
—
-
—
-
-
—

I
.~ & __
i

Micelle — Dox
solution

Figure 2-2: Ultrasonic exposure chamber [25, 34].

When US is used in DDS it causes thermal and non-thermal effects on the body
organs and tissues. The thermal effect is usually referred to as hyperthermia which
results because energy is absorbed by tissues and body fluids causing a rise in
temperature that may lead to the death of healthy cells. However, by choosing the
proper parameters for the US, including its frequency and intensity, hyperthermia can
be controlled and used as an effective modality in cancer treatment [14, 19, 36].
Furthermore, in some DDS, the drug carriers are synthesized in a way such that they
are sensitive to temperature, e.g. temperature sensitive liposome (TSL). By using US
to raise the temperature of the tumor site, drug carriers found in the vicinity of the tumor
will be induced to release their content, hence mediating the process of drug delivery
[37-39].

The non-thermal effect is mostly the cavitation of air bubbles, caused by their
oscillation [19, 36]. Several studies suggest that the release of molecules from micelles
exposed to US is due to cavitation. There are two main types of cavitation: stable
cavitation which is the continuous oscillation of the bubble without collapsing, and

collapse (transient) cavitation, where the bubbles collapse aggressively, generating
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shock waves and causing a large temperature and pressure rise. The stable cavitation
happens at low US intensities while the collapse cavitation happens at high intensities

[33, 40]. The effect of cavitation on micelles is shown in Figure (2-3).

Un-destructed micelle

Shock wave direction Shock wave start to

destruct micelle

Releasing of drugs after
micelle destruction

Figure 2-3: The effect of cavitation events on the release of drugs from polymeric

micelles [12].

When a microbubble collapses, a shock wave is generated along with an
extreme increase in the temperature for a very short period. This shock wave propagates
in the surrounding medium, where micelles may be found. If micelles happen to be in
the near field of the wave, they get destroyed as the polymeric chains forming the
micellar structure lose their association due to the high energy generated by the wave.
This will lead to the release of the encapsulated drug [33].

Based on literature data, it was noticed that the release process from micelles
triggered by US can be divided into three phases. The first phase is the rapid initial
phase where most of the Dox is released. The second phase entails the start of the slow
release, while in the third and final phase partial recovery is initiated, where some of
the Dox molecules slowly start to re-encapsulate. The graph in Figure (2-4) shows these
three phases [10].

19



/ Startof insonation

___ Rapid initial phase

Slow phase .
y Partial recovery phase

)

Fraction Encapsulated

Time

Figure 2-4: Phases of drug release from micelles in the presence of US [40].

2.3. Targeting

There are three main types of drug targeting: passive, triggered and active. The
main objective of these mechanisms is to get the best treatment results when using

nanoparticles in chemotherapy by increasing their effectiveness [15, 32].

Passive targeting depends on the increased permeability of the vasculature
observed in some pathological conditions, such as tumors. This permeability varies
depending on the condition and the type of organ affected. The presence of a leaky
vasculature at the site of the tumor facilitates the extravasation of carriers and hence the
chemotherapeutic agent, which will enhance the release of drugs to the target and
increase its cellular uptake. This phenomenon is known as enhanced permeation and
retention (EPR) [41].

Besides passive targeting, the drug release from micelles on the targeted tumor
can be enhanced by triggers or stimuli, including electric field, pH, temperature and
US, a process known as triggered targeting. The type of trigger to be used depends on
the type of micelles, the drug, and the surrounding environment of the tumor [15, 42].
Ultrasound, which has been previously discussed, is considered one of the best trigger

mechanisms in triggered drug delivery [17].
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In micellar DDS there are many factors that can be studied and modified to
achieve the best treatment results including micellar composition, tumor location and
the drug itself. One of the most important micellar components which can be modified
to improve and enhance the outcome of the treatment is the surface of the nanocarrier.
The type of chemical modification depends on the type of receptor present on the
surface of the tumor cells [15, 43]. This type of surface modification is called active
targeting and can be generally defined as the use of targeting moieties or ligands for
enhanced delivery of nanoparticles to the target site.

Choosing the best targeting moiety is important because it affects properties
including circulation time, cellular uptake, affinity, and extravasation [44]. Several
types of moieties have been investigated including peptides, antibodies, hormones,
aptamers and low molecular weight ligands such as folate [45, 46]. These targeting

moieties are discussed below, in more detail.
2.3-1 Peptide-based moieties

Peptides are chains of amino acids linked by peptide bonds, and are considered
excellent targeting moieties. Due to their small size, ease of manufacture, and low cost,
they are one of the most common moieties used in DDS. They can be easily identified
using binding regions of a protein or known hormones such as bombesin, by phage
display techniques [47], or with the one-bead one compound (OBOC) method [48, 49].

It has been shown that peptides can be used in the targeting and treatment of
lung, prostate and ovarian cancer. Also, they can be used to optimize the treatment of
T- and B-cell lymphoma. More recently, peptides have been used as targeting moieties

in multifunctional nanoparticles used in cancer therapy and imaging [48, 50].

2.3-2 Antibody-based moieties

The use of antibody-based targeting molecules was pursued due to their variety
and their specificity for cancer receptors. Monoclonal antibodies (mAb) were the first
type of targeting molecules to be used in drug delivery research. With the development
of cancer treatment strategies, many new types of targeting antibody moieties were

discovered and studied worldwide [51, 52].

There are two types of antibodies depending on how they are obtained. Some

are human and some are non-human (developed in labs). In the case of using non-
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human antibodies as moieties, they may induce an immunogenic response in the human
host. In order to decrease this immunogenicity new methods focused on obtaining
chimeric, fragmented and humanized antibodies were developed [48, 52]. Some of
these antibodies showed high efficiency when used in targeting: Rituximab has been
used in B-cell lymphoma treatment [53], Trastuzumab has been used with HER2
antibody for breast cancer treatment [54], Bevacizumab was designed to inhibit
angiogenesis and for the treatment of ovarian cancer [55, 56], and Cetuximab is utilized
in advanced colorectal cancer treatment [57].

2.3-3 Aptamer-based moieties

Aptamers are ligands of small nucleic acids that can bind to their target with
high specificity, due to their ability to fold into unique three-dimensional conformations
[48]. Their use as targeting moieties began in 1990, as an alternative to antibodies to
avoid their associated side effects. They have been utilized in targeting different

proteins including transcription factors and cell surface receptors [48, 58].

Aptamers have many advantages over other moieties: they show no
immunogenicity, they are more stable than antibodies, and there is a consistency

between different batches because they are chemically synthesized [58].

Aptamers can be easily produced in vitro using the SELEX (Systematic
Evolution of Ligands by Exponential Enrichment) procedure, which does not employ
any animal cells. Before using the SELEX procedure, it is important to identify and
distinguish between cancer cells in order to select which aptamers to use [58]. RNA
aptamers can be easily derived using the SELEX process. As an example, the aptamer-
siRNA has been developed to bind to the Prostate Specific Membrane Antigen (PSMA),
a cell surface receptor that can be found on prostate cancer cells [58, 59].

2.3-4  Small molecule-based moieties

Small molecules are widely used to chemically modify drug carriers used in
drug delivery in cancer treatment, due to their diverse structures and ease of production
using inexpensive means. The most important small molecule used in targeting is folic
acid (folate), but carbohydrates (e.g., galactose, mannose, etc.) have also been studied
extensively [48].

Folate is the water-soluble vitamin B9, essential for several processes including

cell growth and division. Its use in drug delivery and targeting is related to its binding
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to the folate receptor (FR), which is widely expressed on the surface of some cancer
cells, including ovarian, brain, kidney, breast, lung and others [48, 60]. Folate easily
recognizes the FR and, due to their high affinity, folate molecules bind to FRs. The
inclusion of folate in a DDS (anti-cancer drugs and nanoparticles), makes it very useful

for both imaging and therapeutic purposes [45, 61].

2.4. Invitro and in vivo work
There are several scientific reports describing the use of US to release drugs
from micelles in vitro and in vivo, as recently reviewed by Ahmed et al. [19].

In vitro studies using cell cultures are very useful in order to design in vivo
experiments using animal models. Several studies have been reported to study the
release of drugs from micelles upon the application of US. Different factors and
environments were studied to improve this DDS. Some of these factors are related to
US, including power density, frequency and duration of sonication, while others are
related to the polymer properties and the drugs used. All of these studies aim to make
these systems suitable and safe for human use [13, 19, 34]. Currently there are several
ongoing clinical trials using polymeric micellar systems for drug delivery in cancer
patients [62], and micelle-encapsulated Paclitaxel (a product called Genexol®) has
been approved by the FDA for the treatment of breast cancer [42]. However, the
combination of micelle-encapsulated drugs and US has not been used in clinical trials.

2.4.1. Invitro work

In vitro release studies suggest three different mechanisms by which US
enhances the drug release from micelles [19]. The first one considers that the drug
release induced by US occurs outside the cells, and is followed by the drug entering
into the cells by a normal diffusion process. The second suggested mechanism considers
that the endocytosis of micelle-encapsulated drugs is enhanced by US. The third
mechanism states that the cell membrane is transiently perturbed by the application of
US, allowing for the transport of released or encapsulated drugs into the cells. The in
vitro studies provided evidence that the use of US both releases the drug from the
micelles and creates transient pores in the cell membranes through which the drug can
enter into the cell cytosol. The endocytotic mechanism, however, also seems to play a

role in the process.
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The release of drugs from polymeric micelles is more efficient when US is
applied at low frequencies, as established by the work of Husseini et al. [17]. They used
Pluronic® P015 micelles containing either Dox or its paramagnetic analogue Ruboxyl
(Rb), and exposed them to different frequencies of US, between 20 kHz and 90 kHz,
observing that the drug release was higher at the lower frequency. They also studied
the effect of varying the sonication intensity and observed that an increase in power
density at the same frequency caused an increase in drug release. It was also observed
that at lower micelle concentrations of 0.1%, the release was higher compared to the
higher micellar concentration. Furthermore, it was observed that the re-encapsulation
of drugs between pulses resulted in a decrease of the harmful effects associated with

Dox on non-cancerous tissues.

The same group conducted a study to investigate the mechanism and kinetics of
Dox release from P105 micelles [10]. Four simultaneous mechanisms were proposed
using the assumption of four different micelle sizes. The proposed mechanisms were
divided into two parts, the first included destroying and re-assembly of the micelle,
while the second included the releasing and re-encapsulation of Dox. It was assumed
that the micelles’ destruction was due to the cavitation effect which makes cavitation
nuclei collapse. Finally, a kinetic model was built for these proposed mechanisms and
this model was consistent with the assumption that the collapse cavitation plays a strong

role in release phenomena observed experimentally.

Husseini et al. [22, 30] also compared the Dox release from regular, unstabilized
Pluronic® P105 micelles and stabilized NanoDeliv™ ones. Using 70-kHz US they
observed a higher release from unstabilized micelles [22]. Additionally, the study of
the release kinetics showed that the Dox release rates from unstabilized micelles were

significantly higher than those from stabilized ones [30].

The first study on the effects of the use of micelle-encapsulated drugs in
conjunction with US, on cancer cell cultures was described by Munshi et al. [63]. They
reported a synergistic effect when using 80-kHz US and Dox encapsulated in Pluronic®

P105, with the drug 1Cso decreasing in the presence of US.

Husseini et al. [11] performed an in vitro study using the HL-60 cancer cell line
to test the effect of the drug Dox on the cell DNA. Dox is known to be one of the most
effective drugs against cancer. However, traditional methods of delivery had a
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shortcoming, as the drug was injected and allowed to freely circulate in the blood
stream, thus affecting both healthy and cancerous cells. This gave rise to the need for
more directed DDS, hence the use of targeted micelles. Dox was delivered in two ways:
the first was by directly adding it in its free state, and the second was through
encapsulating it inside Pluronic® P-105 micelles. The results were collected with and
without insonation. It was observed that when free Dox was used in the presence of
70-kHz US, the damage to cells was higher in comparison with the use of free Dox.
However, it was observed that when Dox was delivered encapsulated in micelles under
the influence of US, the DNA damage was significantly higher and 96% of the cancer
cells were dead after 2 hours of exposure. Importantly, this study also established that

the mode of cell death was apoptosis and not necrosis.

In another investigation, the relation between drug release and high frequency
US (1 MHz) was tested [64]. The tests were conducted on different types of cancer cell
lines including leukemia HL-60 cells, drug-sensitive ovarian carcinoma and breast
cancer MCF-7 cells. It was hypothesized that when using US, cavitation events
occurred that could be monitored by quantizing the associated free radicals using a
process called radical trapping. It was observed that there was formation of radicals
with changing frequencies and power densities. The cavitation threshold intensity
increased as the US frequency increased as observed when monitoring free radical
formation at different frequencies. It was noticed that, at higher frequencies, although
transient cavitation almost ceased to exist, drug release was still observed, indicating
that drug release from micelles was not tied to transient cavitation. It was also found
that the rate of cellular uptake of Dox was higher even at short time exposures to high
frequency US.

Another factor investigated was the effect of the pulsing time dependency of the
drug uptake. The work of Marin et al. [65] showed that the US-triggered release from
micelles did not occur at time pulses shorter than 0.5 s, resulting in a low concentration
of drugs in the medium of incubation. For time pulses longer than 0.5 s, the release was

noticed and the concentration of the free drug increased [65].

Later, the same group [30] conducted more experiments on the release of anti-
neoplastic medications from micelles triggered by US. The study was done using a
fluorescence detection exposure chamber, similar to the one described earlier, to

investigate the release and re-encapsulation of Dox from micelles. They found that at a
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power density of 58 mW/cm? and 20 kHz, no noticeable release of Dox occurred after
exposure to US for less than 0.1 s. The group also developed a mathematical model for
the release and re-encapsulation that was zero-order in release and first-order in re-

encapsulation.

The mechanism of US-enhanced cellular uptake has been extensively studied,
and different studies have shown different results. Tachibana et al. conducted several
experiments to study the effect of US on the permeability of cell membranes [66, 67].
In one of their early studies [68] HL-60 cancer cells were sonicated at an intensity of
0.4 W/cm? with a continuous frequency of 255 kHz in the presence of merocyanine 540
(MC 540) as a drug/tracer. The sonication was done for a period of 30s, and electron
microscopy was used to observe the effect of US on the surface of the cells. The authors
observed the formation of pores in the cell membranes that led to their death. They
latter concluded that the cell death was caused by both the drug and the US treatment
[67]. To confirm their theory, the same group conducted another experiment using the
cytosine arabinoside drug with HL-60 cells sonicated at 48kHz US with an intensity of
0.3 W/cm? [66]. The results of this study showed that the cell death increased upon
sonication, when compared to a sonicated control sample, not exposed to the drug. This
suggested that cell membrane permeability increased when subjected to US, allowing
for the diffusion of the drug through the transient membrane pores into their cytosol
and leading to their death [66, 67].

The effect of US on cell membrane permeability was later studied by Schlicher
et al. [69, 70]. This group used DU145 prostate cancer cells that were sonicated at 0.36,
0.54, and 0.71 atm for the duration of 0.1s at a frequency of 24 kHz [69]. This group
hypothesized that the formation of pores in the cell membrane upon sonication was due
to cavitation events induced by US [71]. They also suggested that the size of the pores
formed increased with the increase of cavitation events, which was proportional to the
sonication intensity. Later, a study done by Zhou et al. [72] used the voltage clamp
technique to measure the size of the pores formed by the application of 1.075 MHz US
(0.2 s, 0.3 MPa) in Xenopus laevis oocytes. The results were in agreement with the

previously suggested relation between frequency and sonoporation.

However, several other studies suggested a different mechanism for increased
cell death due to the treatment of chemotherapy along with sonication. These studies

observed an increased endocytotic activity when US was applied, without any
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significant cell membrane deformations, thus excluding sonoporation as the main
mechanism [73, 74].

Muniruzzaman et al. [75] obtained evidence that suggested the uptake of
micelles by cells occurs via fluid-phase endocytosis. The aim of their study was to test
the effect of the aggregation state on the intracellular uptake of Pluronic® P105
micelles by HL-60 promyelocytic cancer cells. The results showed that, below the
CMC, the cell uptake increased with the increasing concentration of micelles in the
incubation medium, while above the CMC, the intracellular uptake was less efficient.
This suggested that below the CMC the unimers enter the cell via diffusion through the
cell membrane, while the micelles enter the cell via endocytosis. Similarly, the studies
by Rapoport et al. [76] and Sheikov et al. [77] provided evidence for endocytotic

events.

Since different studies provide evidence for different mechanisms by which US
increases drug uptake, the topic is still undergoing research. It is worth mentioning that,
although most of the studies involving micelles and US as a DDS are usually done using
Pluronic®, many other types of micelles used in drug delivery research have been
described in the literature. For example, Howard and co-workers [78], synthesized
micelles of methyl-capped poly(ethylene oxide)-co-poly-(L-lactide)-tocopherol with
encapsulated Paclitaxel and sonicated the samples at 1 MHz and 1.7 W/cm? intensity
US to study the effectiveness of this DDS in human breast adenocarcinoma (MCF7)
cells. The results proved the viability of US usage as a triggering mechanism by which
the release from micelles could be controlled. The results also showed the importance
of using micelles to encapsulate drugs, which aids in reducing the side effects observed
when the drug is introduced in its free form. Zhang and co-workers synthesized a
different type of polymeric micelles using a block copolymer containing poly-lactic
acid-b-polyethylene glycol (PLA-b-PEG), loaded with the Nile Red stain and used
HIFU to trigger the release from the micelles. They measured the release by measuring
the Nile Red stain level before and after sonication and the results showed that HIFU
can trigger the irreversible release of Nile Red, by the principle of transient cavitation.
The release could be controlled by tuning the properties of US such as intensity, time

and the location where it is focused [79].

Other research, such as that described by Chen et al. [80], use Pluronic® mixed

micelles to encapsulate low solubility compounds such as docetaxel. The system was
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used in a human lung adenocarcinoma cell line resistant to the anti-cancer drug Taxol,

and its effects were enhanced when compared with the use of free docetaxel.

Ugarenko et al. [81] also studied the release of Dox and formaldehyde-releasing
prodrugs from stabilized mixed Pluronic® micelles using 20-kHz US at high power
densities (100 W/cm?). They observed that when micelles were formed, 60% of Dox
was encapsulated with a retention half-life of approximately 12 hours. It was observed
that at such US power densities, 7-10% of the encapsulated Dox was released. On the
other hand, the formaldehyde-releasing prodrugs were not encapsulated inside the
micelles, but it was observed that these could be used separately to enhance the
formation of Dox-DNA adducts in tumor tissues. The same group tested the effect of
this micellar system in Dox uptake by breast cancer cells MDA-MB-231, and observed
that, in the absence of US, the uptake was reduced when compared to the application
of the free Dox. Upon application of 20-kHz, 100 W/cm? US, the drug was released

from the micelles and the cellular uptake was increased.

2.4.2. Invivo work

In vivo studies with animal models are extremely important as preclinical
experiments, and the most common models used to conduct in vivo experiments are
mice and rats inoculated with a known type of cancer cell lines that will generate a
tumor. The lab animals are then treated with Dox or other chemotherapeutic drugs,
encapsulated in micelles or in free form, to compare the efficiency of the different
DDSs, with and without exposure to US. The results of the inhibition of tumor growth
are compared and if the success rate is high enough and the side effects are acceptable,

clinical trials on human subjects may be the next step.

One of the first in vivo studies with micelles and US used a colon carcinoma
(DHD/K12/TRb cells) rat model to investigate the effect of Dox concentration, US
frequency and power density, among other variables [82]. The tumors were induced
into the rats’ legs by injection with the tumor cells, and treated with Dox at different
concentrations. The Dox was encapsulated into stabilized Pluronic® micelles and was
administered weekly for a period of 6 weeks. One of the legs was exposed to 70-kHz
US, while the tumor on the other leg was not US-treated; hence it was used as a negative
control. It was observed that the higher concentrations of encapsulated Dox were lethal

to the animals: 4 and 5.33 mg/kg were lethal within 6 weeks, while 8 mg/kg killed the
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animals within 2 weeks. The treatment with micelles encapsulating Dox concentrations
of 1.33 and 2.67 mg/kg combined with the use of US were found to be the most effective

in fighting the tumor cells.

The same rat model was used by Staples et al. [83] to investigate the effects of
Dox encapsulated in stabilized Pluronic® micelles (NanoDeliv™) triggered with low
(20 kHz) and medium (476 kHz) frequency US [83]. The study compared the results of
treating the rats using micelles, with and without US. It was expected to get better
results when using the combination of micelles with sonication, since in vitro
experiments proved the sensitivity of Pluronic® micelles to US. The results of the study
showed that tumor growth in this later case decreased when compared with tumors
treated with micelles only (no US). The study further explored the growth or remission
behavior of tumors and it was found to fit an exponential model for both the control
and insonated tumors at 20 kHz and 476 kHz [83].

The same research group used a tumor-bearing rat model to investigate the
effect of using US on the treatment. They found that when the drugs were delivered
using US, the results were better at both increasing the death of cancer cells and
decreasing the damage on healthy cells. The variation of US frequency did not show
any effect on tumor growth; it was observed that frequencies of 20 kHz and 476 kHz

produced very similar results [14].

Another study by Rapoport and co-workers [84] investigated the advantage of
using Dox encapsulated in Pluronic® micelles and -MHz high frequency US to treat
immuno-compromised athymic nu/nu mice, injected with ovarian carcinoma tumors.
The fluorescence level upon sonication was measured in the heart, kidneys, liver and
spleen and the results were compared to the case when the tumors were not sonicated.
The objective of the study was to examine localized drug release controlled by US
compared to the non-localized release due to the natural degradation of micelles. The
fluorescence level was found to be dramatically lower in the heart when US was used,
which suggested that the cardiac toxicity of Dox could be greatly decreased when using
micelles. The results also showed a sharp decrease in drug uptake by kidney cells, while
the uptake by liver and spleen cells was greatly enhanced. It was concluded that focused
US decreases the drug spread and uptake by healthy tissues, while increasing the drug

uptake locally.

29



The synergism between the use of encapsulated drugs and US was also
emphasized in a recent study by Hasanzadeh et al. [85], using a mouse model. In this
study, adult female mice were inoculated with spontaneous breast adenocarcinoma
tumors and were divided into three groups: (i) the tumor was treated with a 1.3 mg/kg
dose of free Dox; (ii) the tumor was treated with the same concentration of Dox but
encapsulated in Pluronic® P105 micelles; (iii) the tumor was treated using the same
concentrations of encapsulated Dox and, in addition, sonicated at 28-kHz and 3-MHz
US. It was observed that the drug accumulation in tumor cells was enhanced in the third
group compared to first and second groups by 8.69- and 2.60-folds, respectively.
Another observation was that the uptake by the healthy cells and organs was lower in
the third group: 3.35- and 2.48-fold when compared to the first and second groups,
respectively. The results of this study clearly support the improvement that US along

with micelles can provide when used as a DDS.
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Chapter 3 : Theoretical Analysis

As mentioned above, the model used in this work was previously published in two
papers [9, 10]. The first paper [10] proposes simultaneous mechanisms for the process
of drug release, and it assumes the mechanism to be first order. The mathematical

summary of this physical mechanism is given below.

e The micelles used are Pluronic® P105 with a diameter ranging between 10
and 20 nm. The micelles are divided into five groups based on the diameter of
the micelles. Each group contains 20% of the polymer, then the fraction of the

total number of micelles (M; ,) can be calculated using equation (1):

volume of polymer
( /volume of one micelle)j

Mjo = n (volume of polymer/ )

i=1 volume of one micelle)i

e The number of micelles changes with time due to two competing mechanisms:
the first is the destruction of the micelles, and the second is their reassembly.

The change in the number of micelles with time is given by equation (2):

dM;  [(dM; dM;

- =\ + {7 @
dt dt . dt

destruction assembly
a) The rate of micelle destruction is given as follows:
dM;
T = —kqjM; N (3)
destruction

where, kg ; is the rate constant which depends on the size of the micelles, with
the following proportional relationship:
ka; = aD; )
where a is a non- zero constant during insonation

N is the number of cavitating nuclei, and its value is assumed to decrease slowly
with time because of bubble collapsing which happens at all power densities

used to collect the release data. The rate of this decrease is given by:
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N _ ky N 5
If equation 5 is integrated, the resulting solution is:

N =exp (=ky t) (6)

b) The rate of micelle reassembly is given as follows:

dM; B
— = ka,j Vrr 7)
assembly

k. ;is a rate constant that depends on the size of the formed micelles. The

formation here depends on the polymer volume, so the constant can be related

to the inverse of the diameter cubed:

B
(0}

(8)

ko=

Vepis the normalized volume concentration. It can be obtained by dividing the
volume of free polymers in the solution, vgp by the volume of the solution, vg,;;
then normalizing this value by the concentration if the polymer chains are freely

available in the solution v,y o/ Vo,

vEp/Vsol VEP
Vpp = —— 2= = — 9
Utot,o/vsol VUsol

The volume of free polymers vgp is equal to the initial total volume minus the

volume at any time, then:

Vtot

VFP = 1 - (10)

Vtot,o

Now, we need to relate the total volume to the volumes of all micellar groups:

VFP =1- pr— (11)
Z?:l 1\4]',0 (T[/6)D]3
M; , is the initial fraction of micelles in group j, which equals 1/n, hence:
n _M.D3
Vpp =1 - n=211 (12)
j=1Dj
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e The amount of drug encapsulated changes with time due to two mechanisms:
the first is the release of the drug after the destruction of micelles, while the

second is the re-encapsulation of drugs inside the micelles:

dE; _ (dE; dE; 12
a \a Al . (13)
destruction encapsulation

a) The rate of drug release is related to the destruction of micelles. The drug
concentration is assumed to be the average of the drug concentration within

its corresponding group:

dE; dM; E;
@ =\ , (14)
t destruction t destruction J
By using eg. 3,
dE;
E = —kd,jNEj (15)
destruction

b) After micellar reassembly, the free drug is re-encapsulated. The amount of
free drug, F, depends on the capacity of the newly formed micelles. This
capacity is the difference between saturation (if the whole capacity is filled)

and the actual amount:
dEJ sat
— = ko, F (S — Ej) (16)
encapsulation

where k. ; is a rate constant which depends upon the ratio of the surface area to

the volume, so it is inversely proportional to the micelle mean diameter:

Y
ke,j = — (17)

(D))
The saturation concentration of the drug that can be encapsulated inside the
micelles depends on the number of micelles, volume of each micelle and the

amount of drugs that can be stored per unit volume, p3%t:

7'[ —
B = M2 D} pfi (18)
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p32t can be considered as the total amount of drug that can be encapsulated in

an initial total volume within the micelles:

T — Esat
Efet = M;— D} —=2 (19)
6 Vtot,o0

The total initial volume v, , can be related to the sum of all volumes in all

micellar groups:

D3
B =nM; — = E%, (20)

n D3
J=17j

The total amount of the drug is the sum of the free fraction and the encapsulated

fraction, hence the free amount of the drug in the solution, F, is:

F=1-E (21)
The amount of encapsulated drug, E is the sum of all drugs encapsulated in each
group:

E= Y} EE (22)

In [9], a simplification of the encapsulation model (eq. 16) is described.

It is assumed that the saturation amount of drugs, Ejsat is very large compared
with the encapsulated drug amount in group j, E;. So we assume that E; is

negligible, and equation (16) can be simplified:

dEj t
— = k,; FE* 23
( dt )encapsulation &l J ( )

Then by substituting all the terms from the previous equations, we obtain:

3

dE; y :
<d_tj> = — FnM; ———= Ei{, (24)
encapsulation (Dj) j=1 Dj

The three constants y, n, E;o, can be incorporated in one single term called the

encapsulation parameter, A:

dE; D_13
— =AFM; —— (25)
t encapsulation Dj Z;‘lzl Dj3
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The MATLAB program; which what will be discuses later; was developed to
calculate all the constants related to release, re-encapsulation and reassembly, namely
“a,k,, B,A". These four kinetic parameters were compared for the acoustic release of
Dox from folated versus non-folated micelles. The results obtained were also used to

determine if these kinetic rates are a function of power intensity.
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Chapter 4 : Data Analysis

4.1. Experimental Procedure

The data used for the modeling process described in this work was collected by
Dr. Ghaleb Husseini [86]. The experiments focused on measuring the drug
encapsulation percentage for two types of micelles; folated and non-folated micelles. A
solution consisting of a buffer added a certain concentration of Pluronic® P105
polymers until the CMC was reached hence ensuring the formation of micelles. Then,

the prepared sample was added to a cuvette in preparation for the insonation process

The cuvette was then inserted in the US chamber shown in Figure 2-2 where a 70
kHz US wave was used to induce drug release. The sonication chamber was attached
to a fluorescence detector that continuously monitored the fluorescence level of the
sample. Before sonication, the fluorescence level was measured for a 10 second period.
This period should correspond to a 100% encapsulation level. At the 10 second mark,
the US was turned on leading to the release of some of the encapsulated drug. The
fluorescence level at this instant should be less than 100% as what is being measured is
the percentage of encapsulation. Then, after 10 seconds of insonation, the US was
turned off and the fluorescence level was monitored for another 10 seconds leading to

a measurement of 30 seconds in total.

The measurements of the fluorescence level were collected using computer
software that controled the detector. The samples to read every second could be
increased by adjusting the sampling frequency for fast changing measurements. In this
experiment, the data assumes two levels, one at 100% and the other at a lower
percentage. However, when the data was collected, the sampling frequency was not
lowered; hence, the collected data has what appears to be noise. Nonetheless, in reality,
the fluctuation in the data is due to the unnecessarily introduced noise caused by the

high sampling and high sensitivity of the detector.

4.2. Data Denoising and Preparation

The first step in data analysis was the pre-processing of the raw experimental data,

since it contains high levels of noise. Figure (4-1) shows the unprocessed raw data.

36



% Encapsulation

1.05

1.00

0.95

0.90

0.85

0.80

0.75

Mo b
b potse e i

Ily’

. m_nw].ni““hllwlﬂ[ ru.; mW*l ——runt

‘ — N3

run2

run4

—rUn5

il :

run9

0.00 5.00 10.00 15.00 20.00 25.00 30.00

Time (sec)

Figure 4-1: Non-processed data showing the temporal release for Folated-P105-2.183.

The data was pre-processed using Microsoft Excel and the MATLAB

program as follows:

a)

b)

Data overlaying:

Since the US was manually turned on and off, the experimental results
needed to be superimposed to make the on and off time points coincident. This
was done in Excel, by excluding some of the initial data collected before the
US was turned on. Afterwards a 5-point average was applied in order to
reduce the noise. The resulting release/re-encapsulation profiles are shown in

Figure 4-2.

Data Denoising:

The noise that can be observed in the graph (Fig. 4-2) was reduced using
the wave menu property in the MATLAB software. This property is based on
the wavelet concept which is very robust in denoising data. In MATLAB
software, the command wavmenu opens a GUI that allows the user to perform
dynamic denoising by changing the parameters manually while observing the

output continuously. For the purpose of this work, the data was imported into
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the GUI run by run and the denoising processes were done for each one.

Figure 4-3 shows a sample of this process.

1.05

1.00

0.95

% Encapsulation
o
(e}
o

0.85

a— N1

— N3

— N4

e N5

— NG

N7

— NS

0.80

0.75

s FUN9

0.00

5.00

10.00

15.00
Time (sec)

20.00

25.00

30.00

Figure 4-2: Overlayed data showing the temporal % release for Folated-P105-2.183.
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This procedure was repeated for the total number of runs. The graph was then
divided into two parts: the release and the re-encapsulation parts, as shown in

Figures (4-4) and (4-5).
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Figure 4-4: Average data showing the temporal release for Folated-P105-2.183 (Release part).

1.05
1.00
e AvgDN1
c e AvgDN3
o
'E 0.95 e AvgDN4
=]
a e A\vgDN5
]
o
& 0.90 - s AVgDNG
X AvgDN7
e AvgDN8
0.85 AvgDN9
e /\ygDN
0.80 T T T T T
14.50 16.50 18.50 20.50 22.50 24.50

Time (sec)

Figure 4-5: Average data showing the temporal release for Folated-P105-2.183 (Re-
encapsulation part).

39




4.3.Data Modeling Using the MATLAB Designed Program

The model described previously is the basis of this study, and data modeling
was hence used to calculate the kinetic parameters involved in the acoustically
activated release of Dox from Pluronic micelles. Simulation was performed using

a MATLAB program. The steps for the work were as follows:

a. The model equations were rearranged as the two following equations:

% = [-(a D;) M; (exp (—ky t)] + Ké) (1 - nzg;—”'l’ff)l (a.1)

3 ;
D;) j=1"j

L= [~(@D)) (exp (—kn ) Ej] + [/1 P = - (@2)

dt ] 5=yn 73
D; ¥, D3

In these two equations, we have four constants («, 8, A and k) that need to be
determined. (ky), which is a constant that is related to the number of cavitating
nuclei, is assumed to be zero in the data collected. The (ky) is calculated from the
partial recovery phase. It indicates if there is an upward slope within this phase. In
the data used, the recovery phase is almost linear, hence (ky) is assumed to be
negligible. The other three constants have to be determined simultaneously as
described above. The modeling process at hand cannot be done analytically, as
there are 2 equations with 3 unknowns, so numerical methods were used to

represent the kinetics of our system

b. In order to determine these constants numerically, we designed a MATLAB
program based on the least squares method. The code contains two files: the
function file, and the script file. In the function file, the main equations used
were defined along with their derivatives and the output was returned to the
script file to be used in the least squares equation. The derivatives of those
equations were calculated numerically using the finite difference forward
formulas. As an example, the derivatives dM and dE were found as follows:

Mji+1) — Mj)
dt

dM;q) =
dE.. = Ben = e
JO) dt
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The least squares method compares experimental data with the given model,

and provides the best fit. Experimental data for our work is the percentage of drug

release (E) for two different micelles, folated micelles (folated-P105) and non-

targeted micelles (P105). The initial values for the drug amount (Ej) were assumed

to be the same for the five proposed groups of micelles: 0.2 for each group. All the

needed initial data are presented in Table 4.1.

Table 4-1: Initialization values for the parameters used for the modeling process.

. Mean Diameter Mean Cubed Fra"“OP of Fraction of

Group (j) (nm) Diameter (nm?) total micelles  drugs per
(M) group (E)

1 11.6 1618 0.372 0.2

2 14 2670 0.226 0.2

3 15 3411 0.177 0.2

4 16.5 4469 0.135 0.2

5 19.6 6765 0.089 0.2

c. Inthe function file, the two main equations described earlier were adapted for

each of the five groups of micelles, i.e. ten equations were entered, five for the

(M) and five for (E). Then, for simplicity, the symbols v(1), v(2) and v(3) were

used to refer to the constants a, 8 and A respectively, and the least squares

method code was entered with given upper and lower limits within which the

result should fall. The code is as shown below :

- Lower and upper limits:

vlb=[0.001;150;50];

vub=[1;1000000;170500],

- Least square code

v=Isgcurvefit(@expected,v,[M1,M2,M3,M4,M5,E1,E2,E3,E4,E5],Ee,vib,vub)

d. The code was then executed using the data that was collected at the moment

the US was turned on, until the point after the partial recovery phase such that

the entire release profile was taken into the model as shown in Figure (4-6).
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Figure 4-6: Starting and stop point for the modeling.

e. After exporting the data, the start and end points, as well as the data length for
every run were entered and the code was executed. The resultant plot (Figure
4-7) compares the fraction encapsulated vs. time of the experimental data with
the kinetic model described above. The code also generates the values for the

constants. An example of the result is shown in Figure (4-7).

Fraction Encapsulated

1. 0e+02 =

0. 00012897 1610913 3 28522T55T3IG0234 2 42T 11354743739

I I I

or g A

Figure 4-7: The modeling results obtained using MATLAB.
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Chapter 5 : Results and Discussion

5.1. Modeling
After preparing the data for the analysis, the code was used to obtain the three

constants for every run, followed by the calculation of the average and standard
deviations of each constant at every power density. The experiments were done at a 70-
kHz US frequency and 37°C. The results obtained for the constants are summarized as

follows:
1. Alpha (a):

Table (C-1) in the Appendix shows the results for the first constant (a) for
both folated and non-folated micelles. The values were plotted and the graph is
shown in Figure (5-1) where results are the average + standard deviation of the

replicates indicated in Table B.1 in the Appendix.

0.09
0.08
0.07
006
2 005 %
£
2 004 T § +
2 ! L
= 0.03 =T +
© 1y
T
0.02 *:L
0.01 1
0 T T T T T ; ,
== Folated 1 2 3 4 5 6 7
== non-folated Power Density (W/cm?)

Figure 5-1: The relation between power density and the amount of destruction of

micelles which is quantified by Alpha.

a is a destruction parameter which represents how micelles are quickly

. . . . dM; .
destroyed upon insonation. Based on the equation of micelles (d—t’), as « increases, the

amount of micelles (M) decreases, proving the concept that after insonation starts,
micelles are rapidly destroyed due to cavitation. It was previously known that a
depends on both temperature and the diameter of the micelles, but here we unravel its

relation with power density.
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Table (C-1) in the Appendix and Figure (5-1) show how a changes with power
density for folated and non-folated micelles. It can be clearly seen that a increases with
power density except at the last point, which may be due to an experimental error, or a
random change in the mechanism that causes the release. For example, the release is
assumed to be the result of cavitation, however, at higher power densities, other
parameters such as temperature might change and have an effect on the release
behavior. All in all, this outlying point opens the door for further research. The
differences between the two types of micelles are very small. However, by looking at
the graph, it can be seen that the general trend is that e is usually a bit higher for the
folated micelles (Folated-P105) than for the non-folated (P105), for the higher power
densities. This might indicate a relation between a and attaching folic acid to micelles
as a targeting moiety. Nonetheless, this cannot be concluded from this study, since more
experiments are needed to investigate this issue and decide on the significance of the
differences by statistical tests. Yet, since the folic acid molecule is small, it may not

have a significant effect on the acoustic properties of the micelles.
2. Beta (B):

The results obtained for the second constant (f) are shown in Table (C-2)
in the Appendix and in Figure (5-2) where the results are the average + standard

deviation of the replicates indicated in Table B.1 in the Appendix.

5000

O 1 T T T T T 1
0 1 2 3 4 5 6 7

== Folated Power Density (W/cm?)
=== non-folated

Figure 5-2: The relation between the power density and the Beta parameter which is

related to the rate of micellar re-assembly.
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B is the micelle re-assembly parameter. This temperature-dependent parameter
indicates how destroyed micelles re-assemble back into new micelles. Based on the
model equations, any increase in this parameter means that the number of micelles (M)
increases with time. This can be explained as follows: since most of the micelles are
destroyed rapidly, the re-assembly process increases proportionally. Furthermore, as
mentioned in Chapter 2, micelle destruction and re-assembly happen simultaneously

during insonation, in a competing fashion.

The results show that this parameter changes proportionally with power density.
Since, at lower power densities there are fewer cavitation events, there will be less
microstreaming and lower incidences of shock waves, hence the amount of micelles
destroyed is lower compared with that at higher power densities. Thus, re-assembly at
lower intensities will also be lower. The results presented in the graph confirm this
relation. Also, the difference between folated and non-folated micelles was found to be

small, possibly for the same reason previously discussed regarding a.
3. Lambda (4):

The results obtained for the third constant (1) are summarized in Table (C-3) in
the Appendix and Figure (5-3), shown below where results are the average + standard

deviation of the replicates indicated in Table B.1 in the Appendix.
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Figure 5-3: The relation between power density and its effect on the drug re-

encapsulation parameter lambda.
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A is the drug encapsulation parameter, which is related to the rapid initial phase
after insonation. This parameter is also temperature-dependent, and describes how this
phase quickly ends, meaning that a long initial phase indicates a small value of A and

vice versa.

The results show fluctuations in the value for A within a small range of values,
which indicates that the value of A is almost constant. Hence, A does not seem to be
correlated to the power density. Also the comparison between folated and non-targeted
micelles shows that the behavior of A is similar for both. It was hypothesized that the
higher the ultrasonic intensity, the higher the scatter of the destroyed micelles (i.e. as
the micelles dissociate, their polymers possibly travel further distances when the
insonation is done at high power densities) [10]. Thus, at higher power densities, the
reassembly process should take a longer period. However, based on the results of the
constant A, which quantifies the drug encapsulation rate, it appears that the rate is almost
constant regardless of the US intensity. Hence, this hypothesis does not appear to be
correct, or the sample used in this work is too low to conclude this which requires more

investigation.

5.2. Tukey-Kramer’s test and T-test for result analysis

The Tukey method is a statistical multiple comparison test used to determine if
individual means are significantly different from a set of means [87]. The test makes
use of the average of each set of data, calculates the difference between any pair of
these averages, and compares it to the standard error. If the difference is less than the
standard error, the means are assumed to have no significant difference; otherwise, the
means are considered statistically significantly different. For unequal sample sizes, a
modification of this method, introduced by Clyde Kramer in 1956 [88], can be used,
and the test is referred to as the Tukey Kramer test.

In our work, the Tukey-Kramer test (with 95% confidence intervals) was
performed for the means of every constant obtained for every power density, to decide
if the results were significant (i.e., if Alpha and Beta are significantly increasing with
the power density, and if Lambda does not change with power density). The results of
this test for every parameter are presented in Tables (5-1) to (5.6). The upper part of
these tables indicates the minimum significant difference (standard error), while the

bottom part shows the results for the actual difference between each set of data. As for
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the shaded cells within the tables, they indicate the sets of data that are significantly
different.

The power density used in the experiments was changed by varying the voltage

input of the US probe. Then the voltage values were converted to power density, as

indicated in Appendix B.

Table 5-1: Tukey-Kramer test results for Alpha Folated-P105.

ggr‘l’gt; 1.009 | 1.062 | 1.030 | 1.267 | 2.183 | 2.389 | 2546 | 3540 | 5.013 | 5.432 | 5.914
1.009 | . 0.0153 | 0.0169 | 0.0221 | 0.0191 | 0.0169 | 0.0175 | 0.0175 | 0.0182 | 0.0169 | 0.0247
1.062 | 00089 | - 0.0166 | 0.0219 | 0.0189 | 0.0166 | 0.0172 | 0.0172 | 0.0179 | 0.0166 | 0.0245
1.030 | 0,0105 | 0.0016 | - 0.0230 | 0.0202 | 0.0180 | 0.0186 | 0.0186 | 0.0193 | 0.0180 | 0.0255
1.267 | 0,0088 | 0.0177 | 0.0193 | - 0.0247 | 0.0230 | 0.0234 | 0.0234 | 0.0240 | 0.0230 | 0.0292
2.183 | 0.0165 | 0.0254 | 0.0271 | 0.0077 | - 0.0202 | 0.0207 | 0.0207 | 0.0213 | 0.0202 | 0.0271
2.389 | 0.0262 | 0.0351 | 0.0368 | 0.0174 | 0.0097 | - 0.0186 | 0.0186 | 0.0193 [ 0.0180 | 0.0255
2.546 | 00270 | 0.0359 | 0.0375 | 0.0182 | 0.0105 | 0.0008 | - 0.0191 | 0.0198 | 0.0186 | 0.0259
3.540 | 00373 | 0.0462 | 0.0479 | 0.0285 | 0.0208 | 0.0111 | 0.0103 | - 0.0198 | 0.0186 | 0.0259
5.013 | 0.0376 | 0.0465 | 0.0482 | 0.0289 | 0.0211 | 0.0114 | 0.0106 | 0.0003 | - 0.0193 | 0.0264
5432 | 0.0405 | 0.0494 | 0.0511 | 0.0317 | 0.0240 | 0.0143 | 0.0135 | 0.0032 | 0.0029 | - 0.0255
5.914 [ 09,0425 | 0.0514 | 0.0531 [ 0.0337 | 0.0260 | 0.0163 | 0.0155 | 0.0052 | 0.0049 | 0.0020 | -
Table 5-2: Tukey-Kramer test results for Beta Folated-P105.

ggr‘]"éft; 1.009 | 1.062 | 1.030 |[1.267 |2.183 |2389 | 2546 |3540 |5013 |5432 |5914
1.009 | - 1058 | 11655 | 1526 | 1321.5 | 11655 | 1206.4 | 1206.4 | 1257 | 11655 | 1706.1
1.062 | 5034 |- 1146.1 | 1511 | 13045 | 1146.1 | 1187.7 | 1187.7 | 1239.1 | 1146.1 | 1692.9
1.030 | 4776 | 981 - 1588 | 1393 | 1245.9 | 1284.3 | 1284.3 | 1331.9 | 12459 | 1762
1.267 | 9268 | 1430.2 | 449.2 | - 1706.1 | 1588.2 | 16185 | 1618.5 | 1656.6 | 1588.2 | 2018.6
2.183 | 10454 | 15488 | 567.8 | 1186 | - 1393 | 1427.4 | 1427.4 | 14704 | 1393 | 1868.9
2.389 | 2260.9 | 2764.3 | 1783.2 | 1334 [ 12155 | - 1284.3 | 1284.3 | 1331.9 | 12459 | 1762
2.546 | 2666.3 | 3170 | 2188.7 | 1740 [ 1620.9 | 4055 | - 13215 | 1367.9 | 1284.3 | 1789.3
3.540 | 2444.1 | 29475 | 19665 | 1517 | 1398.7 | 183.26 | 222.22 | - 1367.9 | 1284.3 | 1789.3
5.013 | 2521.3 | 3024.7 | 2043.7 | 1595 | 1475.9 | 260.44 | 145.04 | 77.18 | - 1331.9 | 1823.8
5.432 | 25756 | 3079 | 2098 | 1649 | 1530.2 | 314.76 | 90.72 | 1315 | 5432 |- 1762
5.914 | 2886.7 [ 3390 | 2409 | 1960 [ 18412 | 6258 | 220.31 | 4425 |365.4 | 311.03 | -
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Table 5-3: Tukey-Kramer test results for Lambda Folated-P105.

g:r‘]’gft; 1.009 | 1.062 | 1.030 | 1.267 | 2183 |2.389 | 2546 | 3540 | 5013 | 5432 | 5914
1.009 228.85 | 252.08 | 330.05 | 285.83 | 252.08 | 260.93 | 260.93 | 271.88 | 252.08 | 369.01
1.062 | 146.46 247.89 | 326.86 | 282.14 | 247.89 | 256.88 | 256.88 | 268.00 | 247.89 | 366.16
1.030 | 31453 | 168.08 343.52 | 301.29 | 269.48 | 277.78 | 277.78 | 288.09 | 269.48 | 381.11
1267 | 3151 | 114.95 | 283.03 | - 369.01 | 343.53 | 350.07 | 350.07 | 358.31 | 343.53 | 436.61
2.183 | 80.07 | 226.53 | 394.60 | 11158 | - 301.29 | 308.73 | 308.73 | 318.04 | 301.29 | 404.23
2.389 | 93.96 | 240.41 | 408.50 | 125.46 | 13.88 | - 277.78 | 277.78 | 288.09 | 269.48 | 381.11
2.546 | 3129 | 177.75 | 345.80 | 62.80 | 48.78 | 62.67 | - 285.83 | 295.86 | 277.78 | 387.02
3.540 | 150.38 | 296.84 | 464.90 | 181.89 | 70.31 | 56.43 | 119.09 295.86 | 277.78 | 387.02
5.013 | 2699 | 173.44 | 34150 | 58.49 | 53.08 | 66.97 | 4.30 | 123.40 288.09 | 394.48
5432 | 8562 | 232.08 | 400.20 | 117.13 | 555 | 8.34 | 54.33 | 64.76 | 58.63 381.11
5.914 | 123.92 | 270.38 | 438.50 | 155.43 | 43.85 | 29.96 | 92.63 | 26.46 | 96.93 | 38.30

The previous three tables indicate the significant difference for the data
concerning the folated micelle experiments. As shown in Table (C-1) and Figure (5-1)
Alpha exhibited an increasing trend as the power density was increased. The Tukey-
Kramer test results show that only about 50% of the data is significant, mainly the
differences between high and low power densities. A similar correlation was observed
for the Beta parameter (Table (C-2) and Figure (5-2)).

This can be explained by referring to Figures (5.1) and (5.2) and analyzing the
experimental procedure followed for data collection. If the power densities are
examined, it is clear that the data can be divided into two regions. The first region is
the low power density region. Within this region, the steps used to increase the power
densities were very small; hence, the data was condensed between power densities 1
W/cm? and 3 W/cm?. The second region within those two graphs lies between 3 and 6
W/cm?. Unlike the first region, here the power density is increased in bigger increments.
This results in statistically significant differences between the pairs from the first and
second regions, while no statistically significant differences can be deduced between

pairs of the same region, and this is what the results clearly suggest.

The constant lambda, however does not change with power density, and this
was confirmed by the Tukey-Kramer test (Table 5-3). As can be observed, the
differences are not significant, except for one point (at 1.030 W/cm?). By examining
the first three power densities used for the folated micelles (1.009, 1.062, 1.030) W/cm?,
we can assume they are almost the same. So, we expect to have almost the same results

from the Tukey-Kramer test for the three of them. However, the data at power density
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1.030 W/cm? showed different outcomes than the other two. This might imply a
possible experimental outlier in the data collected. Nonetheless, the general behavior

of lambda does not seem to significantly change with increasing power densities.

Similarly to what was done with the folated micelles’ data, the Tukey-Kramer
test was done for the three constants obtained for data collected in Dox release
experiments from un-folated micelles, to check for significant differences in the data.

The results are presented in the following three Tables 5-4, 5-5 and 5.6.

Table 5-4: Tukey Kramer test results for Alpha P105.

g:r‘]’giet; 1.030 | 1.267 | 2183 | 2.389 | 2.546 | 3.540 | 5.013 | 5432 | 5.914
1.030 - | 0.01472 | 0.01472 | 0.01472 | 0.01472 | 0.01472 | 0.01544 | 0.01472 | 0.01472
1.267 | 001916 | - | 0.01472 | 0.01472 | 0.01472 | 0.01472 | 0.01544 | 0.01472 | 0.01472
2.183 | 002021 | 0.00105 | - | 0.01472 | 0.01472 | 0.01472 | 0.01544 | 0.01472 | 0.01472
2.389 | 0.01021 | 0.00896 | 0.01001 | - | 0.01472 | 0.01472 | 0.01544 | 0.01472 | 0.01472
2.546 | 0.00340 | 0.02256 | 0.02361 | 0.01361 | - | 0.01472 | 0.01544 | 0.01472 | 0.01472
3.540 | 0.00472 | 0.02389 | 0.02494 | 0.01493 | 0.00132 | - | 0.01544 | 0.01472 | 0.01472
5.013 | 0.01126 | 0.03042 | 0.03147 | 0.02147 | 0.00786 | 0.00654 | - | 0.01544 | 0.01544
5.432 | 0.01485 | 0.03401 | 0.03506 | 0.02505 | 0.01145 | 0.01012 | 0.00359 | - | 0.01472
5.914 | 0.01282 | 0.03198 | 0.03303 | 0.02303 | 0.00942 | 0.00810 | 0.00156 | 0.00203 | -

Table 5-5: Tukey Kramer test results for Beta P105.

g:r‘gft; 1.030 | 1267 | 2183 | 2389 | 2546 | 3540 | 5013 | 5432 | 5914
1.030 - 1609.4 | 1609.4 | 1609.39 | 1609.4 | 1609.39 | 1687.94 | 1609.39 | 1609.4
1.267 | 11344 - 1609.4 | 1609.39 | 1609.4 | 1609.39 | 1687.94 | 1609.39 | 1609.4
2.183 | 890.7 | 243.69 - | 1609.39 | 1609.4 | 1609.39 | 1687.94 | 1609.39 | 1609.4
2.389 | 22248 | 13568 | 11132 - 1609.4 | 1609.39 | 1687.94 | 1609.39 | 1609.4
2.546 | 26539 | 869 | 6253 | 487.9 - | 1609.39 | 1687.94 | 1609.39 | 1609.4
3.540 | 309.15 | 14435 | 1199.8 | 86.66 | 5745 - 1687.94 | 1609.39 | 1609.4
5013 | 9824 | 21168 | 18731 | 760 | 1247.8 | 6733 - 1687.94 | 1687.9
5432 | 14526 | 2586.9 | 23433 | 12301 | 1718 | 11434 | 470.1 - 1609.4
5914 | 13234 | 2457.8 | 22141 | 11009 | 1588.8 | 10143 | 341 | 129.15 -
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Table 5-6: Tukey Kramer test results for Lambda P105.

gg’r‘]"éftry 1030 | 1267 | 2183 | 2389 | 2546 | 3540 | 5013 | 5432 | 5914

1.030 - 284.56 | 28456 | 284.56 | 28456 | 284.56 | 298.45 | 28456 | 284.56
1267 | 176.99 - 284.56 | 28456 | 284.56 | 28456 | 298.45 | 284.56 | 284.56
2.183 | 282.40 | 105.40 - 28456 | 28456 | 28456 | 298.45 | 284.56 | 284.56
2.389 | 150.75 | 17.25 | 12265 - 28456 | 28456 | 298.45 | 284.56 | 284.56
2.546 | 978 | 186.77 | 292.18 | 169.53 - 28456 | 298.45 | 28456 | 284.56
3.540 | 1179 | 188.79 | 29419 | 17154 | 2.01 - 298.45 | 28456 | 284.56
5013 | 1612 | 160.88 | 266.28 | 14363 | 2590 | 27.91 - 298.45 | 298.45
5432 | 8967 | 87.32 | 19272 | 7007 | 9945 | 10147 | 7356 - 284.56
5914 | 34680 | 169.81 | 64.41 | 187.06 | 356.60 | 358.60 | 330.70 | 257.13

The results from the above tables indicate the same observations for Alpha.
However, for Beta, significant differences are expected to be the general trend, yet the
table shows opposing behavior. There seems to be not much significance between the
data points even between low and high power densities. This, compared to the Beta
tables obtained for the folated micelles, might suggest inconsistency in the data
collected which might be due to experimental errors. In general, Beta should exhibit a
significant increasing behavior as the power density increases, which is not supported
by the obtained results. As for Lambda, the results seem to be more supportive of the
expected behavior which is assumed to be constant regardless of the power density.
From the tables above, the results for this parameter seem to be more accurate as the
significance degree is low which suggests a constant behavior.

The results were further analyzed to compare the three parameters for folated
and non-folated micelles. This comparison was done by running a T-test that effectively
measures the P-value which quantifies the existence of a significant difference between
two groups of data. The test constraint was set at a 95% confidence level which means
if the P-value was less than 0.05, then the data had a significant difference. As shown
in the following table, there is no significant difference between the two types of
micelles.

Table 5-7: T-test for the parameters in order to get the P-values

Alpha Beta Lambda
P-value 0.664 0.666 0.443
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Chapter 6 : Conclusion and Recommendation

6.1. Conclusion
In this work, a DDS composed of micelles as carriers and US as a trigger
mechanism were studied to investigate the relation between drug release and power
density from folated and non-folated micelles. Also, the effect of US on cellular uptake
was reviewed and the advantages of using this DDS were asserted throughout this work.
However, the main purpose of the work was to model the kinetics of release from those
two types of carriers caused by the cavitation phenomenon associated with US and

microbubbles.

The results were obtained using MATLAB software, which was used to
program and model the release and re-encapsulation processes when US was used to
release Dox from micelles. Three constants (o, 3, A) were regressed using this model.
Then they were studied as a function of power density for the two types of micelles.
The statistical significance of the results was assessed using the Tukey-Kramer
statistical test. Constant a, which quantifies the rate of micellar destruction, and
constant 8, which measures the micelles’ reassembly rate, were found to increase with
increasing power density, albeit at different rates. Constant 1, which is related to the re-
encapsulation of the drug in the micelles, was found to be constant with power density,
which suggests that the re-encapsulation is independent of the power density used. The
significance of the results obtained in this study was assessed using the Tukey-Kramer
statistical test. For alpha and beta constants, we could observe significant differences

for different power densities, while lambda seems to be constant.

A comparison between the results of folated and non-folated micelles was also
conducted to examine the difference between both carriers. This comparison is critical
as it signifies the difference in release behavior between two carriers that have the
potential to be employed in DDS. According to the results obtained, it was found that
both types of micelles behave similarly and there is no significant difference between
them. This suggests that both of them can be used as carriers from which drug release
can be triggered using ultrasound. Because of this, it can be said that the objectives of

this study were successfully achieved.
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6.2. Recommendations

As seen so far, the work has potential and could be an important addition to the
literature. However, below are some recommendations that might help improve the
results and analysis. First, any experimental work is subjected to several sources of
error. In this case, the human error is probably significant, since many of the parameters
were controlled manually. For example, the US turning on and off was done manually,
so many of the readings did not overlap. This presented a challenge in calculating the
average of the several runs, a process that was required to do the calculation for the

constants.

Second, the denoising process was also done manually which may have caused
some loss of valuable data. A way to overcome this is through the use of more accurate
and specialized software, such as automated wavelet processing software or more
optimized methods. Furthermore, other models and optimization technigues (e.g. the
Gauss-Newton method and Gradient descant algorithm) can be used to achieve more

accurate results.

Moreover, the data supplied for modeling had some inconsistencies that might
be regarded as outliers. Since the number of data points used is not large enough, an
outlier will definitely affect the model’s behavior, as was discussed in the Results
section. For example, the data collected for the power density equivalent to 140 V
seemed to be out of the trend. So, it is recommended that the readings for those points

be repeated and averaged as this will lead to more accurate results.

Also, it is believed that more data collection in this field may open the doors for
further investigation. For example, if more data was collected to investigate the relation
between release and the alpha parameter, it is believed that a more defined correlation

between them could be observed.
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Appendix
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A. Designed Modeling Program for MATLAB:
Table A-1: Script Part for the MATLAB Program.

% This program is designed for modeling of drug release data for a thesis work for
Rafeeq K Tanbour based on

% mathematical model proposed by Dr. Ghaleb Husseini and his research group.
% Program designed by:
% Rafeeq K. Tanbour & Mohamed El-Khodairy

% American University of Sharjah. 2014

% Mi : micelle fraction M with their group number i.
% Di : micelle Diameter with for every group.
% Ei : percentage of drug for every group.

% v: symbol used for every parameter where v(1) is alpha, v(2) is beta and v(3) is
lambda.

M1(1)=0.372;
M2(1)=0.226;
M3(1)=0.177;
M4(1)=0.135;
M5(1)=0.089;
D1=11.6;
D2=14.0;
D3=15.0;
D4=16.5;
D5=19.6;
Dlcubed=1618;
D2cubed=2670;
D3cubed=3411;
D4cubed=4469;
D5cubed=6765;

DcubedT=D1cubed+D2cubed+D3cubed+D4cubed+D5cubed;
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N=1;

E1(1)=0.2;
E2(1)=0.2;
E3(1)=0.2;
E4(1)=0.2;
E5(1)=0.2;

E(1)=1;

Vip(1)=0;

dt=0.02; %interval
v=[0.04;330;100];
Ee=AvgDN',

% lower and upper limits
vib=[0.001;150;50];

vub=[1;1000000;170500];

v=lsqcurvefit(@expected,v,[M1,M2,M3,M4,M5,E1,E2,E3,E4,E5],Ee,vib,vub);
E=feval(@expected,v,M1,M2,M3,M4,M5,E1,E2,E3,E4,E5);

t=9.16:0.02:15; %initial to final time of triggering

plot(t,Ee,'ro")

hold on

plot(t,E)

xlabel('Time (sec)")

ylabel('Fraction Encapsulated')

format long

v=V'

62




Table A-2: Function Part for the MATLAB Program.

function E=expected(v,M1,M2,M3,M4,M5,E1,E2,E3,E4,E5)
M1(1)=0.372;
M2(1)=0.226;
M3(1)=0.177;
M4(1)=0.135;
M5(1)=0.089;
D1=11.6;
D2=14.0;
D3=15.0;
D4=16.5;
D5=19.6;
Di1cubed=1618;
D2cubed=2670;
D3cubed=3411,;
D4cubed=4469;
D5cubed=6765;
DcubedT=D1cubed+D2cubed+D3cubed+D4cubed+D5cubed;
N=1,

E1(1)=0.2;
E2(1)=0.2;
E3(1)=0.2;
E4(1)=0.2;
E5(1)=0.2;
E(1)=1;
Vip(1)=0;
dt=0.02;

i=1;

for i=1:292 % Dimensions - 1
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dM1(7)=(v(2)/D1cubed)*Vfp()-v(1)*D1*MI()*N;
dM2(7)=(v(2)/D2cubed)*Vfp(i)-v(1)*D2*M2(i)*N;
dM3(7)=(v(2)/D3cubed)*Vfp(i)-v(1)*D3*M3(i)*N;
dM4(i)=(v(2)/D4cubed)*Vfp(i)-v(1)*D4*MA4(i)*N;
dM5(i)=(v(2)/D5cubed)*Vfp(i)-v(1)*D5*M5(i)*N;
dE1(i)=v(3)*(1-E(i))*M1(i)*(D1cubed/(D1*DcubedT))-v(1)*D1*N*E1(i);
dE2(i)=v(3)*(1-E(i))*M2(i)*(D2cubed/(D2*DcubedT))-v(1)*D2*N*E2(i);
dE3(i)=v(3)*(1-E(i))*M3(i)*(D3cubed/(D3*DcubedT))-v(1)*D3*N*E3(i);
dE4(i)=v(3)*(1-E(i))*M4(i)*(D4cubed/(D4*DcubedT))-v(1)*DA*N*EA();
dE5(i)=v(3)*(1-E(i))*M5(i)*(D5cubed/(D5*DcubedT))-v(1)*D5*N*E5(i);
M(i+1)=M1(i)+dM1(iy*dt;

M2(i+1)=M2(i)+dM2(iy*dt;

M3(i+1)=M3(i)+dM3(i)*dt;

MA(i+1)=MA(i)+dMA(i)*dt;

M5 (i+1)=M5(i)+dM5(i)*dt;

E1(i+1)=E1()+dE1(i)*dt;

E2(i+1)=E2()+dE2(i)*dt;

E3(i+1)=E3()+dE3(i)*dt;

E4(i+1)=E4(i)+dE4()*dt;

E5(i+1)=E5(i)+dE5(i)*dt;

Vfp(i+1)=1-
5+((M1(i)*D1cubed+M2(i)*D2cubed+M3(i)*D3cubed+M4(i)*D4cubed+M5(i)*D5cubed)/Dcub
edT);

i=i+1;

E()=E1()+E2(i)+E3(i)+E4(i)+E5();

end
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B. Voltage to Power Density conversion

Table B-1: Voltage to Power Density conversion, and number of replicates for all points.

Number of Number of
Power . .
Voltage Densit replicates replicates
Y| Folated-P105 P105
90 1.0086976 3
95 1.0621081 9
100 1.03041 9 6
105 1.26736 9 6
110 2.1827584 9 6
115 2.3892544 9 6
120 2.5462116 6 6
125 3.54025 4 6
130 5.01264 9 6
135 5.43169 14 6
140 5.91361 12 6
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C. Result Tables

Table C-1: Alpha (for folated and non-folated micelles)

Alpha () (um™.s?)

Power Density | Folated-P105 P105
1.009 0.006003
1.062 0.007998
1.030 0.010869 0.017132
1.267 0.011178 0.015105
2.183 0.021514 0.018693
2.389 0.022303 0.025229
2.546 0.031987 0.026552
3.540 0.03972 0.040158
5.013 0.059054 0.050164
5.432 0.057413 0.049115
5.914 0.04851 0.029951

Table C-2: Beta for folated and non-folated micelles

Beta (B) (UM®/s)

Power Density Folated-P105 P105
1.009 211.3788 -
1.062 522.4123 -
1.030 576.7294 901.8647
1.267 653.9105 772.7182
2.183 431.6908 1242.85
2.389 837.1677 1916.148
2.546 2052.618 2490.685
3.540 2171.236 2002.812
5.013 2620.417 3115.975
5.432 3601.433 3359.661
5.914 3098.037 2225.297
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Table C-3: Lambda (for folated and non-folated micelles)

Lambda (1) (LmM®/s)

Power Density Folated-P105 P105
1.009 258.637
1.062 296.937
1.030 355.5694 675.8224
1.267 232.174 418.6913
2.183 351.2663 345.1361
2.389 288.6013 317.2254
2.546 302.4856 319.2379
3.540 414.0641 488.7658
5.013 697.0909 611.4147
5.432 529.0142 506.0119
5.914 382.5576 329.0175
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D. Release Data Graphs after Denoising:

In the following graphs, the replicates of the measurements at each power
density are shown (RunX DN), together with a line representing the average of

the replicates (AverageDN).

1.02
1.01
1
0.99
c
2
& 098 @===Runl DN
=]
(7]
§ 0.97 Run2 DN
S @s==Run3 DN
X 096
e /\verageDN
0.95
0.94
0.93 T T T T T 1
3.00 5.00 7.00 9.00 11.00 13.00 15.00
Time (sec)
Figure D-1: Denoised release data for Folated-P105-1.009.
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Figure D-2: Denoised release data for Folated-P105-1.062.
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Figure D-3: Denoised release data for Folated-P105-1.030.
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Figure D-4: Denoised release data for Folated-P105-1.267.
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Figure D-5: Denoised release data for Folated-P105-2.183.
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Figure D-6: Denoised release data for Folated-P105-2.389.
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Figure D-7: Denoised release data for Folated-P105-2.546.
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Figure D-8: Denoised Release data for Folated-P105-3.540.
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Figure D-9: Denoised release data for Folated-P105-5.013.
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Figure D-10: Denoised release data for Folated-P105-5.432.
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Figure D-11: Denoised release data for Folated-P105-5.914.
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Figure D-12: Denoised release data for P105-1.030.
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Figure D-13: Denoised release data for P105-1.267.
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Figure D-14: Denoised release data for P105-2.183.
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Figure D-15: Denoised release data for P105-2.389.
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Figure D-16: Denoised release data for P105-2.546.
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Figure D-17: Denoised release data for P105-3.540.
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Figure D-18: Denoised release data for P105-5.013.
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Figure D-19: Denoised release data for P105-5.432
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Figure D-20: Denoised release data for P105-5.914.
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