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Abstract

Ultrasound-induced cavitation of microbubbles has increased anticancer drug Doxorubicin (DOX)
release from thermosensitive liposomes (TSL). Yet, the influence of liposomal formulations and their
responses toward cavitation on controlled drug release of TSL is inadequately investigated. This novel
research evaluates the contribution of heating and cavitation in enhancing drug release of biotinylated,
doxorubicin-loaded thermosensitive liposomes (TSL-DOX) by changing liposomal formulations and
ultrasound conditions. We have found that combining heating and cavitation triggers the maximum
cumulative DOX release (80%~100%) than heating or cavitation only. The final cumulative drug
release percentages are mainly dependent on the membrane compositions, which are influenced by
changing the molar ratios of DSPE-PEG2K-biotin. Heating TSL-DOX to the phase transition
temperature (Tm: ~ 42 °C) is the driving force of DOX release (~ 70%). However, when the temperature
is below Ty, cavitation can also trigger more DOX release of 10~20%. Cavitation (ultrasound frequency:
1 MHz, 10% duty cycle, 1kHz pulse repetition frequency, and 10 s exposure period) increased more
DOX release by 20 ~ 25% after heating at 37 °C and 42 °C. Without cavitation, changing ultrasound
parameters: burst cycles and exposure periods slightly influenced DOX release. Interestingly,
increasing the molar ratios of DSPE-PEG2K-biotin decreased DOX release% even treating with
cavitation and heating. To further evaluate the influence of cavitation on TSL-DOX, we also developed
liposome-conjugated microbubbles (TSL-MB) via biotin-avidin-biotin linkage. DiO-labeled TSL-
DOX have been shown to conjugate to the surface of DiD-labeled microbubbles. After treating with
heating and cavitation, TSL-MB improved DOX release within 5 min of heating, compared to TSL-
DOX. In summary, we successfully proved that combining cavitation and heating can improve drug
release, and heating to T, is the major incentive to control drug release. These findings would support

the development of novel liposomal drug control-release methods using both cavitation and heating.
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Chapter 1 Introduction

1.1 Chapter Overview

Ultrasound-induced cavitation has been applied to increase anticancer drug: doxorubicin (DOX) release
using thermosensitive liposomes (TSL) and liposome-conjugated microbubbles (TSL-MB). As one of
temperature-sensitive drug carrying systems, TSL are designed to release the loaded drugs when the
environmental temperature has increased to the phase transitions temperature (Tm) of the lipid membrane.
Biotinylated lipids are used to develop TSL-MB to increase DOX release by combining both heating and
cavitation. However, two essential points about DOX release are unknow: 1) the impacts on drug release
after the insertion of biotinylated lipids into TSL; 2) the exact contribution on drug release from heating
and cavitation, respectively. To understand the potential influence factors behind cavitation and heating in
controlled drug release from TSL. It is necessary to understand what ultrasound-induced cavitation is, what
TSL is, and how do TSL release loaded drug. Therefore, in section 1.2, | will introduce the background
knowledge about ultrasound-induced cavitation and TSL from four directions: 1) introduced the
applications of ultrasound-mediated drug delivery for cancer treatments. 2) explained the fundamental
principles of ultrasound-induced cavitation, the safety indexes, and the ultrasound setups. 3) introduced
TSL and its preparation; 4) introduced ultrasound-induced cavitation mediated drug release. As the
background information has been explained, section 1.3 will introduce the scientific gaps, research

motivations, hypothesis, and research objectives.
1.2 Background

1.2.1 Ultrasound-mediated drug delivery in cancer treatment

Cancer is one of the leading causes of death worldwide, which is estimated to lead to ~9.5 million deaths
in 2018(Bray et al., 2018). Although nanomedicine (1 ~ 100 nm) increases the drug accumulation of ~5%
of the administrated dose in tumor tissue based on the Enhanced Permeation and Retention (E.P.R.) effect
in comparison to the free drug, only the < 1% of the injected dose is delivered to a solid tumor(Wilhelm et
al., 2016; Boissenot et al., 2016). To improve therapeutic efficacy, some smart drug delivery systems were
developed to control drug release and to enhance the local concentrations of anticancer drugs at the tumor
sites by some environmental stimulations(Pham et al., 2020). These stimulations include pH, oxidation state,
temperature, and physical disruptions(Pham et al., 2020). Among the external control-drug release
techniques for cancer treatments, ultrasound has advantages like being non-invasive, controllable, and

economically accessible(Meng et al., 2021). As a non-invasive external controlled-drug release technique,
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ultrasound can propagate and transport acoustic energy into the tissue medium, generating different
bioeffects: cavitation, hyperthermia, thermoablation, and histotripsy(Leighton, 2007). Among these
bioeffects, ultrasound-induced cavitation can: 1) mechanically disrupt and increase the permeability of the
local blood vessel wall in vivo(L. Duan et al., 2020); 2) induce perforation of the cell membrane in vitro(Hu
et al., 2013); 3) increase endocytosis of the perforated cells in vitro(De Cock et al., 2015); 4) change the
cell proliferation cycle in vitro(Zhong et al., 2011); 5) induce immune effects both in vivo and in vitro(Tu
et al., 2018); 6) mechanically disrupts the drug-carrying systems(Gasca-Salas et al., 2021; Small et al.,
2011). Combined with different therapeutic agents, ultrasound-induced cavitation has been applied to
increase drug delivery for cancer treatments(Sirsi & Borden, 2014). However, these environmental
stimulations like cavitation also add the difficulties in predicting the drug release processes, whose
distributions change dynamically along with the cavitation process. It is even harder to predict the drug
release behavior of some sensitive drug-carrying systems when they were treated with multiple stimulations

like heating and cavitation.

1.2.2 Ultrasound and energy transfer into tissue

Medical ultrasound is generated by a transducer with a center frequency that is above 20 kHz(Leighton,
2007). Depending on the center frequency, the amplitude of the ultrasound intensity attenuates (i.e.
attenuation coefficient) differently along with the propagation in the tissue(Leighton, 2007). Ultrasound
attenuation happens because of scattering, reflection, and refraction during the propagation in the
inhomogeneous tissue where there is bone or gas that causes strong acoustic impedance mismatch. A higher
center frequency or a larger acoustic impedance leads to a faster ultrasound attenuation in the tissue(Bamber
& Hill, 1979). For therapeutic purposes, the center frequency of the transducer can be 0.5 to 2.5 MHz,
allowing ultrasound transmitted into tissue with certain depths(Goss et al., 1979; Grazia Andreassi et al.,
2007). The Food and Drug Administration (FDA) has an exposure limit of the ultrasound spatial-peak
temporal-average intensity of 720 mW/cm? and spatial-peak, the pulse-average intensity of 190
W/cm?(Nelson et al., 2009). Theoretically, the amplitude level of the ultrasound intensity at the interface
area of different depths can be evaluated by the spatial peak pressure (p), speed of sound (C,) in the
transmitting medium, and density (p,) of the medium. As shown in Figure 1, a spatial-peak, pulse-averaged
intensity (Isppa) and a spatial-peak, time-averaged intensity (Ispra) can be used to evaluate the spatial
ultrasound intensity distribution of one ultrasound pulse and a pulse repetition period respectively. This
scheme (Figure. 1) is developed based on the previous papers(X. X. Duan et al., 2019; Leighton, 2007;

Nelson et al., 2009). Increasing the duty cycle (&), which is the ratio of pulse period to the entire pulse
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repetition period, can increase the Ispra, allowing more acoustic energy transporting in one pulse repetition
period. Increasing the pulse repetition frequency (PRF) or the exposure duration time also increases the
total acoustic energy delivery by increasing more ultrasound pulses. Overall, both Isppa and Ispra are
important indicators to describe the acoustic energy that is delivered to a specific spatial area for therapeutic
applications of ultrasound(Leighton, 2007). The control of the acoustic intensity in the targeted tissue can

be achieved by adjusting the number of duty cycles, PRF, and the total exposure duration time.
Equation 1

1

1 titi iod =
puise repetition peno pulse repetition frequency (PRF)

p Peak compression
(peak positive pressure)

lsppa =

A 2p.C,
AN

\ lspra = ‘SISPPA/\ \
] I
\/ \/ \/ \/ time
Peak rarefaction
(pe

ak negative pressure)

pressure

! ' pulse period

pulse period pulse repetition period pulse repetition period

= duty cycle (§)

Figure 1 Schematic of the relationship between spatial-peak, pulse-averaged intensity (Isppa) and

spatial-peak, temporal-averaged intensity (Ispra) in one pulse repetition period.
1.2.3 Ultrasound-induced cavitation of microbubbles

1.2.3.1 The ultrasound contrast agent: microbubbles

An ultrasound contrast agent is a gaseous microbubble, which can scatter ultrasound and enhances the
intravascular contrast of the ultrasound signal, improving the image quality. Microbubbles are formed by a
monolayer of phospholipids and a gas core. The microbubbles are usually with 1-10 um of size and an inert
low solubility gas core. (Stride et al., 2020). The microbubbles can be prepared after mechanical agitation
with a concentration of 108-10° bubbles/mL and are usually administrated with 2 mL by intravenous
injection(Stride et al., 2020). The currently approved clinically used microbubbles include SonoVue®,

Difinity®, and Sonazoid®, which are all phospholipids-coated shells with the gas core as perfluoropropane
3



(CsFg) or sulfur hexafluoride (SFe)(Ignee et al., 2016). Although the lipid-shell and the low solubility gas
improved the stability of microbubbles, the in vivo circulation half-life of a microbubble is still shot (<5
min)(Stride et al., 2020). As a result, microbubbles have limited the drug delivery efficiency. Some studies
have incorporated drug-carrying particles (e.g., thermosensitive liposomes) into microbubbles to control
drug release(Zhang et al., 2020). Yet, there is lack of understanding of the enhancing drug release

mechanisms regarding the ultrasound conditions such drug carrying systems.

1.2.3.2 Ultrasound-induced cavitation

Ultrasound-induced cavitation is a process of volumetrically oscillation and collapse of microbubbles with
gas nucleus. As shown in Figure. 2, during cavitation, microbubbles expand at a negative ultrasound
pressure phase and contract at a positive ultrasound pressure phase after ultrasound exposure. Cavitation
mechanically disrupts the nearby environment based on microstreaming, micro-jet, oscillation, or
shockwave of the microbubbles(Coussios et al., 2007; Tung et al., 2010). Cavitation can be further
categorized into stable cavitation and inertial cavitation(Gu et al., 2016). Both types of cavitation can induce
bioeffects like perforation of the cell membrane or increased permeability of the targeted blood vessel
wall(Dong et al., 2018; Wang et al., 2018). Based on these bioeffects, for in vivo studies, ultrasound-induced
cavitation has been applied to increase drug delivery into the brain by temporally opening the blood-brain
barrier in the latest clinical trial to treat glioblastoma(ldbaih et al., 2021) and Parkinson’s disease with
dementia(Gasca-Salas et al., 2021). For in vitro studies, ultrasound-induced cavitation induces perforation
of the cell membrane, which increases the intracellular delivery of therapeutic agents(Leighton, 2007; Stride
etal., 2020).



Therapeutic transducer

<)

_/ Stable cavitation Iow US pressure |ntensny)

@+ &

Negative Paositive Negative P05|t|ve Negative Posmve
US pressure phase

Inertial cavitation (high US pressure intensity)

o, 4 e
Negative Positive ’ Positive |mploded
Negalve s pressure phase Negative microbubble

Figure 2 Schematic drawing of the principles of stable and inertial cavitation.

1.2.3.3 Parameters for ultrasound-induced cavitation

Ultrasound with a center frequency of 1 ~ 2 MHz and a peak negative pressure of 0.1 ~ 0.5 MPa is
commonly used to induce cavitation(Hu et al., 2013; Suzuki et al., 2009; Yang et al., 2008). As shown in
Figure 2, with strong ultrasound power inrushes the liquid at the peak rarefaction pressure, the inertial
cavitation can induce gas cavities and collapse of the generated bubbles, generating strong mechanical
disruptions that damage the tissue or the blood vessel(W.-S. Chen et al., 2003; Mullick Chowdhury et al.,
2017). With sub-harmonic (e.g. 0.5 fo) or ultra-harmonic responses (1.5 f,), the stable cavitation also
generates mechanical disruption during the oscillation process of microbubbles(Gu et al., 2016; Mullick
Chowdhury et al., 2017). The ultrasound intensity, pulse length, and duration time will influence the
cavitation effect, which could either improve drug delivery or generate side effects like tissue
damage(Chang et al., 2001; Mullick Chowdhury et al., 2017). Therefore, controlling the ultrasound

conditions to trigger drug release is significant.

1.2.3.4 The safety indexes: medical index (MI) and thermal index (TI)

The Mechanical Index (MI) and the Thermal Index (TI) are commonly used to further specify the safety
requirements of acoustic exposures(Duck, 2007). These two indices can be calculated as follow(Duck,
2007):



Equation 2

MI = P
Jf
Equation 3
Tl = W
Wdeg

Where W is the acoustic power; Weq is the acoustic power that rises 1 °C of the temperature at the focal
area. p is the spatial peak pressure. f is the center frequency of the transducer.

The medical index (MI) defines the inertial cavitation threshold that limits the ultrasound-induced
mechanical disruptions level of the targeted tissue to avoid shock waves and shear that can strongly damage
tissue(Duck, 2007; Grazia Andreassi et al., 2007). According to the FDA standard, the maximum Ml is 1.9,
except for ophthalmology(Leighton, 2007). In this research, we are focusing on cavitation (Ml < 1.9) with
the presence of a lipid shell-covered, C.F1o gas-based microbubble.

Heat transfer into the tissue is the endpoint of ultrasound attenuation, resulting in the local temperature rise
at the targeted region. The thermal index (TI) defines the temperature rise threshold when the acoustic
energy was absorbed by the targeted tissue. According to the FDA standard, the maximum T1 is 6.0, except
for fetus or ophthalmology(Leighton, 2007). Therefore, in this research, we use low-intensity ultrasound

that theoretically causes no thermal effect.

1.2.4 The ultrasound setups

An ultrasound setup is a platform that adjusts the ultrasound parameters to induce bioeffects (i.e. cavitation
or heat) at the focal tissue or cell suspension. For either in vivo or in vitro, an ultrasound platform should
provide controllable experimental conditions and repeatable therapeutic results(Hensel et al., 2011). There
are four necessity parts of an in vitro ultrasound platform: 1) a signal generator that adjusts the ultrasound
parameters: a duty cycle and pulse repetition period; 2) a power amplifier that amplifies the generated signal;
3) a transducer that received the signals and pulses ultrasound to the focal region; 4) a sample chamber that
contains the sample solutions and receives the acoustic energy generated from the transducer(X. Chen et
al., 2013; X. X. Duan et al., 2019; Hensel et al., 2011). However, the reproducibility of the experimental
results varies a lot by using different kinds of ultrasound setups(Hensel et al., 2011). Coupling gel or water
is commonly used to match the acoustic impedance between the transducer and the medium, facilitating the
propagation of ultrasound(Leighton, 2007; Nelson et al., 2009). Therefore, the transducer is usually placed

in a water tank or is connected to a waveguide which contains coupling gel to match the acoustic impedance
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between the transducer and the sample chamber(Hu et al., 2013). To achieve a harmonic acoustic pressure,
the distance between the transducer and the sample chamber should be equal to the geometry focal length
of the transducer. As shown in Figure 3, four different kinds of ultrasound setups are commonly used in the
in vitro experiment: 1) a transducer is under the cell culture well, whose bottom is attached with the coupling
gel; 2) a transducer is under the cell culture well, whose bottom is attached to water surface; 3) a transducer
is under a sealed cell chamber, both are immersed in water; 4) a transducer is above the cell culture well,

immerged in the cell culture medium(Hensel et al., 2011).
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Figure 3 Different approaches of in vitro ultrasound therapy.

Since the microbubbles are highly susceptive to the change of acoustic pressure, the ultrasound setup should
be designed to keep a homogenous acoustic pressure field(X. X. Duan et al., 2019). Therefore, in this
research, | used an ultrasound setup (i.e. type-3 sealed well) that is based on the lab’s previous published
paper to investigate the cavitation of microbubbles(X. X. Duan et al., 2019). This type of setup helps to
achieve a homogenous acoustic pressure field from two aspects: 1) avoid acoustic reflection; 2) minimize

the acoustic impedance between the transducer and the sample solution.



1.2.5 A drug loaded thermosensitive liposome

1.2.5.1 Introduction of liposomes

A liposome, a hollow spherical vesicle, was firstly developed in 1965 by Bangham et al(Jesorka & Orwar,
2008). Liposomes are formed when amphipathic molecules, mostly phospholipids, rearrange with the
hydrophilic part of the molecules facing the aqueous phase, while the hydrophobic part of the same
molecule faces each other (Carugo et al., 2016). Liposomes are produced with a structure of a bilayer (~ 5
nm) of phospholipids and an agueous core (0.02 — 250 um)(Swaay & deMello, 2013). Criteria of liposomes
include size distribution, lipid membrane composition, lamellarity, and encapsulation efficiency of the
loaded cargo(Kotoucek et al., 2020; Evers et al., 2018). Liposomes have been used to load different kinds
of therapeutic agents: proteins, peptides, genes, and small molecule drugs by inserting these agents into the
lipid bilayer membrane or loading them into the aqueous core(“Doxil® — The First FDA-Approved Nano-
Drug: Lessons Learned,” 2012; Swaay & deMello, 2013). So far, liposomes are one of the widely clinically

used carrier systems to load anticancer therapeutic agents.

1.2.5.2 Introduction of thermosensitive liposomes

To meet the needs of spatially specific drug release at the targeted point and minimize the toxicity side
effect on the normal organs, the temperature-sensitive liposomes (TSL) were firstly developed in 1978 by
Yatvin et al(Yatvin et al., 1978). The lipid compositions of the TSL included 1,2-dipalmitoyl-snro-3-
phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero3-phosphocholine (DSPC) with a molar ratio of 3:1.
The TSL can response to and release the loaded cargo at the external temperatures from 40 to 45 °C(Kneidl
etal., 2014; Landon et al., 2011). To have a higher drug encapsulation efficiency, longer in vivo circulation
time, and a faster drug release, the low-temperature sensitive liposomes (LTSL) were developed in
1996(Landon et al., 2011). The polyethylene glycol (PEG) modified lipids, cholesterol, and a lysolipid (i.e.
1-tetradecanoyl-2-octadecanoyl-sn-glycero-3-phosphocholine (MSPC)) were incorporated into the lipid
bilayer to develop LTSL, leading to an ultra-fast release 80% of the loaded drugs in 20s at 41.3 °C (Kneidl
et al., 2014). As one of the clinically related LTSL, the Thermodox® (Celsion, USA), firstly reported by
Needham et al in 2000, is the first thermal sensitive liposome that has reached Phase-I1l trial(Regenold et
al., 2022).

1.2.5.3 Drug release and membrane compositions of thermosensitive liposomes

The drug release from TSL is highly dependent on the integrity and the arranging state of the lipid bilayers.

Four major factors illustrate the integrity changes of lipid bilayers: 1) membrane penetration by inserting
8



proteins through the lipid bilayer(Harayama & Riezman, 2018); 2) membrane defects because the
incorporation of small molecules (cholesterol or hydrophobic drugs) between lipid bilayers(Fahr et al., 2005;
Guion & Fayer, n.d.); 3) membrane perforation induced by incorporation of surfactants(Kneidl et al., 2014;
Needham et al., 2013); 4) adjust the thickness of the membrane using special lipids (Lyso-lipids)(Needham
et al., 2013). Regarding the state of the lipid bilayer, the phase transition temperature (Tr) of phospholipids
plays a key role. As shown in Figure 4, three drug release mechanisms are related to the phase changes of
the lipid bilayers of TSL(Kneidl et al., 2014). First, there is low permeability of the loaded drugs (yellow
pentagon) to diffuse across the lipid bilayer into the external environment when the temperature is much
lower than Trn. Second, the highest permeability of the loaded drugs is achieved when the temperature is
close to Tr. Third, a high permeability is achieved when the temperature is much higher than Tn(Kneidl et
al., 2014). The temperature changes influence the arrangement of lipid bilayer from ordered gel phase to
disorder liquid phase, which allows the packed drugs to diffuse from the aqueous core to the external
environment(W. Chenetal., 2018; Kneidl et al., 2014). Ultrasound-induced cavitation mechanically affects
the integrity of lipid membranes, while the heating effect can also change the lipid arrangement states.
Therefore, theoretically both cavitation and heating can influence the drug release. To better combine these

two effects for controlled-drug release, it is crucial to know which effect is the key factor.

T <<T T~-T, T>>T,
" Packing defects N,
Solid gel phase at phase boundaries Liquid disordered phase
(low permeability) (highest permeability) (high permeability)

Figure 4 Phase changes and drug release from thermosensitive liposomes.



1.2.5.4 Preparation methods of liposomes

The preparation method impacts the qualities of liposomes, which in turn further influences the drug
encapsulation efficiency. The conventional methods for liposome production include thin-film hydration,
reverse-phase evaporation, and solvent (commonly ethanol) injection(Duaet al., n.d.). The ethanol injection
method, reported in 1970, can be used for macroscale production of liposomes with low degradation of
phospholipids while providing acceptable homogeneous size distribution(Batzri & Korn, 1973; Charcosset
etal., 2015). However, the ethanol injection method as well as the other conventional methods have limited
reproducibility among different batches. In contrast, microfluidic mixing provides fine-tune quality control
of liposome production with higher reproducibility and material usage efficiency (Swaay & deMello, 2013).
The microfluidic methods for liposome production include extrusion, pulsed jetting, and transient
membrane ejection(Carugo et al., 2016). Currently, three new microfluidic mixing methods for liposome
production include staggered herringbone mixing (SHM), T-junction mixing, and microfluidic
hydrodynamic focusing (MHF)(Evers et al., 2018). Reported in 2002, the SHM microfluidic channel design
showedd advantages in increasing the mixing efficiency of different solvents by chaotic advection, based
on the patterned herringbone grooves at the bottom of the channel(Stroock et al., 2002). Curretnly, SHM is
also used to produce DOX-loaded liposomes with narrow size distribution and high agent encapsulation

efficiency >80%(Cheung et al., 2020). Therefore, | used a SHM micromixer to produce TSL.

1.2.5.5 Production of liposome by a staggered herringbone micromixer

Liposomes produced by microfluidic mixers are affected from two aspects: 1) the geometry of the mixing
channel; 2) the flow rate and diffusion coefficient of the aqueous and organic solvents. Flows that inside
the microfluidic mixer are laminar flow, which has a low Reynolds (Re) number of 13.5 << 2000(Yu et al.,
2009). Though a laminar flow has no disruptions between fluid layers, staggered herringbones increase the
chaotic rotations inside the channel. In addition to the geometry of the mixing channel, both the total flow
rate (TFR) and the flow rate ratio (FRR) of the aqueous and organic solvents also influence the size
distribution and polydispersity index (PDI) of liposomes. TFR is the sum of flows inside the mixing channel;

FRR is the flow rate ratio of the aqueous solvent and the organic solvent.
Equation 4
Flow rate (Q) = vA

Equation 5
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Flow rate ratio(FRR) = Ya

Qo
Equation 6

Total flow rate(TFR) = Q4 + Q,

Where Q,, is the flow rate of aqueous solvent; Q, is the flow rate of organic solvent; v is flow velocity, A
is cross-sectional vector area.

Based on different structural designs of micromixers, different TFR and FRR have been adjusted to produce
liposomes. However, TFR = 10 mL/min and FRR ~3 are commonly used to produce liposome, which can
produce liposomes with a size of 100 to 150 nm and a PDI < 0.2(Jahn et al., 2008). The encapsulation
efficiency of the therapeutic agents (e.g. DOX) of a liposome is as high as 80-90%(Cheung et al., 2020;
Jahn et al., 2008). Therefore, in this research, | produced the drug loaded thermosensitive liposomes with
the TFR of 6~10 mL/min and FRR of 3.

1.2.6 Ultrasound-induced cavitation mediated drug release from liposomes

1.2.6.1 Ultrasound-induced cavitation mediated drug release and cellular uptake

The ultrasound-induced cavitation of microbubbles that causes perforation on the cell membrane with a
size of nanometers to micrometers, has been shown to improve the intracellular delivery of multiple types
of therapeutic agents(De Cock et al., 2015; Leow et al., 2015). With different acoustic pressures (~0.5 MPa),
ultrasound-induced cavitation can perforate the membrane of cells, with pore sizes ranging from
nanometers (diameter: ~10 - 500 nm) to micrometers (~1 - 4.3 um) (Hu et al., 2013; Yang et al., 2008;
Zeghimi et al., 2012). Ultrasound-induced cavitation facilitates intracellular transportation of therapeutic
agents with a wide range of molecular weights (MW) from 4.4 to 500 kDa(Takahashi et al., 2019). The
maximum MW of the delivered agents can reach up to 2000 kDa(Takahashi et al., 2019). Therefore, some
studies also applied cavitation to improve uptake of drug loaded nanoparticles like liposomes(De

Temmerman et al., 2011).

1.2.6.2 Ultrasound-induced drug release from liposomes

Cells and liposomes share similar structures as a vesicle formed by a bilayer phospholipid membrane and
an aqueous core(Lasic, 1992). However, as artificial vesicles, liposomes are different from the cell in two
respects: the physical and the chemical properties, which can be manually changed. These physical

properties include size, membrane stiffness, and surface tension. The chemical properties include shell
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chemistry, lipid compositions, and ligand conjugations(Harayama & Riezman, 2018; Kneidl et al., 2014).
With diverse physical and chemical properties, the drug release of liposomes varies in response to
ultrasound-induced cavitation(Daeichin et al., 2017; Small et al., 2012; Stride et al., 2020). Ultrasound-
induced cavitation has been used to enhance drug release from liposomes(Boissenot et al., 2016; Couture
et al., 2014). Yet, no study has investigated cavitation and heating-mediated controlled drug release from

thermosensitive liposomes by changing their membrane formulations and ultrasound conditions.

1.2.6.3 Ultrasound-induced cavitation mediated drug release from liposome-conjugated

microbubbles

Microbubbles are essential to achieve the ultrasound-induced cavitation effect. However, liposomes are
better drug carriers than microbubbles regarding their in vivo stability and their in vitro long-term
storage(Stride et al., 2020). To better combine cavitation and heating for controlling drug release,
thermosensitive liposome-conjugated microbubbles (TSL-MB) were developed(De Temmerman et al.,
2011; Zhang et al., 2020). To develop TSL-MB, the drug-loaded liposomes are conjugated to the surface
of the microbubbles via linkages: biotin-avidin or maleimide-thiol(Cool et al., 2013; De Cock et al., 2016;
Dewitte et al., 2014). Both kinds of linkages are commonly used for bioconjugations, forming a stable
conjugation(LI et al., 2014; Sapra & Allen, 2003). Theoretically, 600-1300 of the liposomes (diameter:
~100 nm) can be linked to the surface of one microbubble (diameter: ~4 um)(Luan et al., 2012) through
biotin-avidin conjugations. In the current study, 1.32*10'2 of the liposome-conjugated microbubbles (20
mg/m? of liposomes) are given in vivo to the tumor-bearing mice(Lentacker et al., 2010). Though the
anticancer efficacy has been improved, these studies did not investigate how does the biotinylated lipids
influence the drug release of liposomes and how much contribution of increasing the drug release is from
cavitation. In this research, | used biotin-avidin linkage to prepare doxorubicin-loaded thermosensitive
liposome-conjugated microbubbles (TSL-MB) to investigate DOX release after heating and cavitation. On
one hand, TSL-MB can respond to ultrasound because one of its components: microbubble is necessary to
induce the cavitation. On the other hand, the attached doxorubicin-loaded thermosensitive liposomes (TSL-
DOX) can release the loaded DOX when they are heated to the phase transition temperature. Using TSL-
MB as the drug-carrying system, cavitation can directly impact the nearby liposomes because of the
conjugation between microbubbles and liposomes. In comparison to the previous studies, in this research |
changed the molar ratios of the biotinylated lipids on TSL-DOX to investigate how the membrane

compositions will affect the drug release when combined heating and cavitation.
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1.3 Outline of thesis study

1.3.1 Motivation and hypothesis

Ultrasound-induced cavitation of microbubbles has increased anticancer drug Doxorubicin (DOX) release
from thermosensitive liposomes (TSL). However, in practical applications, both heating and cavitation are
combined to enhance DOX release. Since microbubble is required to induce cavitation, two drug delivery
systems are used: 1) mixed solutions of drug loaded TSL and microbubbles(Shen et al., 2020); 2) drug
loaded TSL-conjugated microbubbles(Lentacker et al., 2007). Since drug release will affect the final
efficacy of cancer treatments, it is necessary to know either heating or cavitation is the major incentive in
triggering drug release. This is also important for developing new functional drug-carrying systems like
thermosensitive liposomes-conjugated microbubbles (TSL-MB) to combine heating and cavitation for
increasing drug release. For the preparation of TSL-MB, some studies used biotin-avidin linkage to
conjugate the DOX-loaded, biotinylated thermosensitive liposomes (TSL-DOX) to biotinylated
microbubbles (De Temmerman et al., 2011; Zhang et al., 2020). However, it is unclear how do biotinylated
lipids affect DOX release from TSL-DOX. The insertion of biotinylated lipids to the membrane of TSL
might influence the phase transition temperature, which is directly related to the thermal sensitivity and
drug release. Yet, no study has investigated how will the drug release behavior change after changing the
molar ratios of biotinylated lipids on the membrane of TSL. When combined heating and cavitation to
increasing DOX release from TSL-DOX or TSL-MB, it is unknow how much contribution is from
ultrasound-induced cavitation? Is heating or cavitation the primary cause in triggering DOX release? Will
different ultrasound conditions affect the enhancement of drug release? Will the enhancement of DOX
release change if the membrane formulations of TSL were different even with the help of cavitation?
Whether TSL-MB is a better drug-carrying system than TSL-DOX to releaser more drugs after heating and
cavitation? This research project is motivated to investigate the above questions to find out how cavitation
and heating will affect drug release when the ultrasound parameters and membrane formulations of TSL
were changed. We hypothesize that increasing temperature to the phase transition temperature (Tm) of TSL-
DOX is the driving force of DOX release, while cavitation helps to further increase the cumulative DOX
release after heating. The sub hypothesis is that TSL-DOX, formed with different molar ratios of

biotinylated lipids, will respond differently to cavitation and heating regarding drug release.
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1.3.2 Research objectives

The overall goal of this research project is to investigate the drug release mechanisms of combining heating
and ultrasound-induced cavitation to increase doxorubicin (DOX) release from DOX-loaded
thermosensitive liposomes (TSL-DOX) that are formed with different molar ratios of biotinylated lipids.
To achieve this goal, three research objectives have been exploited: 1) the preparation of TSL-DOX and
evaluation of their drug release treating with heating only; 2) analysis of drug release of TSL-DOX, with
different membrane compositions, after heating and cavitation; 3) develop TSL-MB and investigate their
DOX release behavior after heating and cavitation. Details of each research objective are introduced as
below:

1. Develop TSL-DOX, with different molar ratio of biotinylated lipids on the membrane, using a
microfluidic method. Characterized the prepared TSL-DOX with the criteria of size, stability,
polydispersity, encapsulation efficiency (EE) of DOX, and DOX release at different temperatures.

2. Develop biotinylated microbubbles and evaluate the cavitation of them after ultrasound exposures.
Evaluate the DOX release from TSL-DOX triggered by heating and ultrasound-induced cavitation
of microbubbles by changing the heating conditions (e.g. temperatures and duration time) and
ultrasound parameters (e.g. pulse cycles, pulse repetition frequency, and exposure duration time).

3. Develop a new ultrasound-responsive drug-carrying system: doxorubicin-loaded thermosensitive
liposome conjugated microbubbles (TSL-MB). Evaluate size, morphology, and conjugation of
TSL-MB. Compare the DOX release of TSL-MB and TSL-DOX after heating and cavitation.

1.3.3 Significance and contributions

This research project proved that heating is the driving force of controlled drug release of TSL-DOX, while
the combination of cavitation and heating can further increase the drug release. Another drug-carrying
system DOX-loaded thermosensitive liposome conjugated microbubble (TSL-MB) has also been prepared.
We also proved that combing heating and cavitation might improve the drug release at the early heating
time. This drug-carrying system can also be used to investigate the drug releaser kinetics of ultrasound-
induced cavitation on other drug loaded liposomes. In summary, the results of this project provide more

thoughts in developing a new drug-controlled release method combining cavitation and heating.
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Chapter 2 Materials and Methods

2.1 Chapter overview

This chapter introduced the materials and experimental methods to achieve three research objectives.
Specific methods for each research objective were introduced as below:

Research objective 1: Develop TSL-DOX using the microfluidic method and characterize the prepared
doxorubicin-loaded thermosensitive liposomes (TSL-DOX); section 2.2 introduced the preparation of TSL-
DOX using the microfluidic method. Section 2.2 ~ 2.4 introduced the methods for evaluations of TSL-DOX
including size, stability, polydispersity, encapsulation efficiency (EE) of DOX, and DOX release
percentages at different temperatures, using Dynamic Light Scattering (DLS) and fluorescent
spectrophotometer.

Research objective 2: Triggering DOX release from TSL-DOX by combing heating and ultrasound-
induced cavitation to. Section 2.5 introduced the methods for evaluations of DOX release when TSL-DOX
were heated at different temperatures or the phase transition temperature (Tm). After that, section 2.6
introduced the evaluations of DOX release after cavitation and heating by changing the ultrasound
parameters using an ultrasound setup.

Research objective 3: Develop and evaluate another drug-carrying system doxorubicin-loaded
thermosensitive liposome conjugated microbubbles (TSL-MB). Section 2.7 introduced the preparation of
TSL-MB by conjugating TSL-DOX to biotinylated microbubbles. Finally, section 2.8 introduced how to
test the size, morphology, and conjugation of TSL-MB using fluorescent microscopy.

In summary, this chapter has introduced how to prepare different drug-carrying systems and how to gain
the initial results of controlled-DOX release by combining cavitation and heating. | will introduce the test

results in the next chapter.
2.2 Preparation of thermosensitive liposomes

2.2.1 Geometry of a micromixer and the setup

The production of liposomes is related to the designs of microfluidic chips(Joshi et al., 2016; Swaay &
deMello, 2013). Before using the microfluidic method to prepare thermosensitive liposomes, | first
evaluated the geometry of the micromixer. The channel geometry of the staggered herringbone micromixer
(Fluidic 187, Microfluidic ChipShop, Germany) was detected by a fluorescent microscopy platform using

a 10X objective (Axio Observer Colibri 5, Carl Zeiss, Germany). Based on the optical results, | developed
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a scheme image of the two microfluidic channels of the staggered herringbone micromixer (SHM) using
COMSOL Multiphysics®. Figure 5 showed the structures of the channels. Channel 1&2 are consisted of
staggered oblique ridges and herringbones. Differently, channel 3 is formed by staggered herringbones. As
shown in Figure 5b, there are 20 grooves in each channel, equaling to 4 cycles of mixing per channel. Table
1 showed the physical dimensions of specific parts of the SHM chip, which has 600 um of mixing length
of each channel. The width of each channel is 300 um. For both staggered oblique ridges and herringbones,
the height of grooves was 25 um, while the height of the cover lid was 175 um. The join angle between

inlets was 120°, while the join angle of the herringbones was 90°.
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Figure 5 (a)Structures and (b)channel geometries of a staggered herringbone micromixer. Scale bar
=100 pm.

Table 1 Channel geometries of a staggered herringbone micromixer

Category name Units
Herringbone mixer 600 um
Channel 300 pm
Width Inlets 300 pm
Herringbones 130 um
Distance between two herringbones 130 pm
Length Outlets 600 pm
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Herringbone grooves 25 pm

Hight i
Lid 175 pm
Join of inlets 120°
Angle i i
Join of herringbones 9Q°

According to the literature, 15 cycles provide a better mixing effect to produce liposomes(Stroock et al.,
2002). Therefore, three channels are connected in series to achieve the maximum mixing effect of 12 cycles.
As shown in Figure 6a, two outlets of channel 1&2 were blocked (the red crosses) to prevent leaking of the
solution. All inlets and outlets were connected with the nuts (green connectors) that were further connected
to silicon tubes. The silicon tubes were connected to the syringes by 25G needles. Figure 6b shows more
details that all channels were connected from No. 1 to No.3. The organic and aqueous solutions were

injected into two inlets of channel 3, and the prepared liposomes were collected from the outlet of channel

a b

Outlet: liposomes

- x

1 mL syringe: 3 mL syringe: Inlet: organic phase Inlet: aqueous phase
lipids of 4 mg/mL  (NH,),SO, buffer

Figure 6 (a) Channel connection and (b) connecting sequence of a staggered herringbone

micromixer.

2.2.2 The flow estimations in a SHM and the microfluidic setup

The schematic of liposome preparation using a staggered herringbone micromixer (SHM) was shown in
Figure7a. The lipids in ethanol and (NH4):SO4 buffer are mixed inside the micromixer, generating
liposomes. In Figure 7b, the simulations of the flow inside the SHM showed that the herringbones at the
bottom can guide the flow from X, Y, and Z directions. In the XY -plane, the flow changed from straight to
zigzag directions. In the YZ-plane, the flow also changed from horizontal to fluctuate. Finally, the flow
direction also changed at the XZ-plane when the flow went into the herringbone grooves. These simulation
results showed that the flow become more chaotic once it went through the micromixer, making a

homogenous mixing of the lipids and the aqueous buffer. Theoretically, the lipids materials will form
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liposomes in such a homogenous mixing. Therefore, | used this kind of micromixer to produce liposomes

in the follow experiment.
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Figure 7 (a) Schematic of liposomes preparation using a staggered herringbone micromixer;

Simulations of flows inside the micromixer from (b) xy-plane, (c) yz-plane, and (d) xz-plane.

Figure 8 showed the microfluidic setup. Two syringes were respectively installed on two syringe pumps
with the plunger flanges attached to the pusher of each pump. All connections were checked for leakage

and washed with DI water by turning on two syringe pumps for 1 min.
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Figure 8 Microfluidic setup of producing liposomes using a staggered herringbone micromixer.

2.2.3 Preparation of TSL using the staggered herringbone micromixer

Thermosensitive liposomes (TSL) were prepared using a staggered herringbone micromixer (SHM). 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene  glycol)-2000]  (DSPE-
PEG2000-PE), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000]
(DSPE-PEG2000-Biotin), and cholesterol (Chol) are all from Avanti Polar Lipids, Sigma-Aldrich), Canada.
Two fluorescent dyes were used to label the TSL: 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO,
excitation: 484 nm, emission: 501 nm, Vybrant™, ThermoFisher, Canada) and 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine perchlorate (DiD, excitation: 644 nm, emission: 665 nm, ThermoFisher,
Canada). All lipids and the fluorophore were dissolved in ethanol and added into a 10 mL glass bottle at a
molar ratio: DPPC:DSPC:Chol:DSPE-PEG2000-PE:DSPE-PEG2000-Biotin:dye = 53:26:16:x:5-x:0.1
with a total lipid concentration of 4 mg/mL. Figure 9 showed the arrangement of all lipid materials of a

doxorubicin (DOX) loaded liposome. The bilayer lipids formed a vesicle with DOX loaded in the aqueous

core.
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Figure 9 Schematic of a DOX-loaded thermosensitive liposome (TSL-DOX).

The (NH4)2SO4 buffer (250 mM) was prepared and heated to 60 °C using a water bath. Then, the lipid
mixture solution and the pre-heated (NH.),SO,4 buffer were withdrawn using a 1mL syringe and a 3 mL
syringe, respectively. Install the syringes to two syringe pumps and run the syringe pumps. For the 3 mL
syringe, the pushing rate of the syringe pump (PHD UITRA™, Harvard Apparatus) was set to 3 ml/min;
For the 1 mL syringe, the pushing rate of the syringe pump was set to ImL/min. The flow rate ratio is set
to 3 and the total flow rate is set to 3~10 mL/min. All solutions were pumped into the SHM chip. The
resulting TSL solution was collected into a 20 mL glass bottle from the outlet. The mixture solution was
then using a probe tip sonifier (SFX250, Branson Ultrasonics, US) at a pulsed wave with a 10% power for
5s for 6 times with 5s of cooling after each exposure. The TSL solution was then transferred into a 15 mL
centrifugal filter unit (3 KDa, Sigma-Aldrich, Canada) and was washed using 1X PBS (Sigma-Aldrich,
Canada) three times by centrifugation at 4500 rpm for 1h per time. The upper filtered TSL solution was

collected and stored at -4 °C for DOX remote loading.

2.3 Remote loading DOX into TSL

Doxorubicin (DOX) (Sigma-Aldrich, Canada) was loaded into the aqueous core of TSL based on the

transmembrane ammonium sulfate gradient (“Doxil® — The First FDA-Approved Nano-Drug: Lessons
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Learned,” 2012). As shown in Figure 10, the ionized DOX will transmit into the aqueous cores of TSL and
from precipitate (i.e. [(DOX-NH3)2SO4).
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Figure 10 Schematic of remote loading of DOX into a liposome.

The TSL in (NH.)2SO4 buffer (pH 5.34) was extruded through a polycarbonate membrane (Millipore,
Sigma-Aldrich, Canada) with 0.1 um pore size to remove the large vesicles. Then the extruded liposome
solution was passed through a Sephadex (G-50) column (Sigma-Aldrich, Canada) and washed with 1X PBS
(pH 7.43) to form the ammonium sulfate gradient (i.e. [(NH4)2SO4]iiposome >> [(NH4)2SO4]medgium). The pH
values of 1X PBS and DOX (NH4)2SO. buffer were detected by a pH meter (S210-Uni-Kit, Mettler Toledo,
Canada). DOX solution was then added to the liposome solution at 1:0.05 (w/w, total lipids: DOX), and the
mixture solution was incubated in a water bath at 37 °C overnight for DOX remote loading. Finally, the
mixture solution was passed through Sephadex (G-50) column and washed with 1X PBS again to remove
the unloaded DOX. The resulted solution was further sterilized by passing through the 0.1 um filter
(Millipore, ThermoFisher, Canada). The sizes of DOX-loaded liposomes were measured by Dynamic Light
Scattering (DLS), (Malvern, Nano S90, United Kingdom). The ultra-violet (UV) abortion and fluorescent
emission of DOX were detected by a UV-visible spectrophotometer (GENESYS 150, ThermoFisher,
Canada). DOX (excitation: 490 nm, emission: 600 nm). Therefore, the fluorescent DOX was tested using

a fluorescent spectrophotometer (Cary Eclipse, Agilent Technologies, US).

2.4 Encapsulation efficiency of DOX

After remote-loading doxorubicin (DOX) into TSL to form doxorubicin-loaded thermosensitive liposomes
(TSL-DOX), the solution was purified by passing through the Sephadex (G-50) column to remove the

unloaded DOX. Both 1 mL of the solutions before and after purification were respectively treated with 1%
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Triton X-100 (Sigma, Canada) that can disrupt the integrity of the liposome membrane and fully release
the loaded DOX. The fluorescent intensity of the resulted solutions was detected. The encapsulation

efficiency (EE) of DOX was calculated according to the following equation:

Equation 7

I
EE (%) = Iix 100

(o]

Where |,: the fluorescent intensity of the mixture of TSL-DOX with unloaded DOX before purification. I

the fluorescent intensity of TSL-DOX solution after purification.

2.5 DOX release of DOX-TSL

According to the fluorescent spectrum of both free DOX and TSL-DOX, the DOX release percentage was
calculated based on their fluorescent intensity according to the following equation:

Equation 8

F.—F
DOX release (%) = Ft ; x 100
tx — Yo

Where Fo: the initial fluorescent intensity of TSL-DOX solution at room temperature. F.: the fluorescent
intensity of TSL-DOX solution which was heated at different temperatures. Fi: the fluorescent intensity of
TSL-DOX solution after treated with 1% Triton X-100.

2.6 An ultrasound setup to induce cavitation

The impact of ultrasound on the DOX release of TSL-DOX was evaluated using an ultrasound setup. This
ultrasound setup is selected because it can adjust different ultrasound parameters(X. X. Duan et al., 2019).
As shown in Figure 11, the ultrasound setup was immersed in a water tank (length*width*height:
51.4*26.7*32.1 cm, Aqueon, Amazon, Canada) with a heater (hygger, Amazon, Canada) to control the
water temperature as 37 °C. The setup was composed of three panels: 1) the bottom panel holds the
transducer to pulse ultrasound out toward the chamber; 2) the middle panel holds the chamber that contains
samples; 3) the top panel cover the upper space above the chamber. The distance between the chamber and
the transducer was adjusted, according to the focal length (11 cm) of the transducer. Acoustic absorbers (5

mm rubber) were attached to the bottom of both the middle and the bottom panels to absorb ultrasound
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reflections, which impact the homogeneity of the acoustic field and the cavitation effects. A signal generator
(SDG 2042X, Siglent, China) was connected to an RF power amplifier (A075, Electronics & Innovation,
Ltd, USA), which was then connected to the transducer. The ultrasound parameters were adjusted in the
signal generator with a center frequency: 1 MHz, an output voltage burst periods: 1 ms, and burst cycles: 5
to 100. The mixed solutions of TSL-DOX and microbubbles were added into the chamber, which was then
sealed. The relative position of the ultrasound transducer and the sample chamber on panels was shown in
Figure 12. Geometries of the ultrasound transducer and sample chamber were shown in Table 2. The water
inside the tank was previously heated up to 37 °C or 42 °C. TSL-DOX were previously heated to 37 °C or
42 °C for different time and were then cooled in a cold-water bath to prevent further DOX release. The
sample solution: ~600 pL of microbubbles (4.35 x 108 + 1.05 x 108) and TSL-DOX (1 mg/mL) was
injected into the chamber using a 1 mL syringe. The chamber was sealed with tape to prevent leakage and
was then fixed on the middle panel with two caps, see Figure 12c. The ultrasound was pulsed out toward
the chamber with different parameters by turning on the power amplifier. The resulted solution was
collected and detected for the fluorescent intensity. The DOX release percentage was calculated according

to Equation 7.

Signal generator

Middle panel — =

Figure 11 Ultrasound setup to induce cavitation of microbubbles.
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Figure 12 (a) The ultrasound transducer; (b)Position of the sample chamber in the setup;

(c)Geometries of the chamber.

Table 2 Geometries the ultrasound transducer and sample chamber

Category name Units

Geometry length 3.5cm
Ultrasound i

Diameter 3.0cm
transducer

Focal length 11~11.5¢cm

Inner diameter 12 mm
Chamber Height 5mm

Thickness of cover slides 0.13 mm

2.7 Preparation of biotinylated microbubbles

Several lipid membrane formulations have been tried to prepare biotinylated microbubbles. DSPE-
PEG2000 or DSPE-PEG2000-Biotin were used as the emulsifier, and DSPC or DPPC were used as the
main coating lipids, see Figure 13 and Table 3. All materials were dissolved in ethanol at different molar
ratios (see Table 3) with a total lipid concentration of 2 mg/mL. The lipid film was formed by evaporating
ethanol with a steady nitrogen stream ina 10 mL glass vial. The hydration solution (i.e. DI water: propylene
glycol: glycerol = 7:2:1) was prepared and was heated up at a water bath to 60 °C, which is above the phase
transition temperature (Tr) of the main lipid DSPC (i.e. 55 °C). The lipid film was hydrated in a solution
with a final concentration of 1 mg/mL by sonicating the solution with a probe tip sonifier. The resulted
solution was further sterilized by passing through a 0.22 um filter into a 2 mL glass vial (Sigma-Aldrich,
Canada) and was sealed with an open-top aluminum crimp cap (PTFE/red rubber septa, Sigma-Aldrich,
Canada). The perfluorobutane (CaF10, 99 Wt%, FluoroMed) gas (i.e. 2 mL in a 3 mL syringe) was injected
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into the vial and completely exchanged the air (i.e. 1 mL gas space and 1 mL lipid solution). The vials, with
the lipid solutions and saturated C.F1o gas, were stored in 4 °C fridge. The biotinylated microbubbles are
produced by mechanical agitation of the vials using a capsule mixer (G80, Aphrodite, USA) at 4200 Hz
for 30s. The resulted milky solution (i.e. microbubble suspension) inside the vial was withdraw by a 1 mL
syringe and was diluted with 1X PBS to 5 mL in a glass bottle. Since the ultrasound-induced cavitation
effect is relate to the size of the targeted microbubbles(Stride et al., 2020). We aim to prepare a biotinylated
microbubble with the a suitable size distribution (i.e. 1~2 um) for cavitation. According to Table 3, the
membrane formulations of biotinylated microbubbles were finally optimized as DSPC:DSPE-PEG2000-
PE:DSPE-PEG2000-Biotin:DiD with a molar ratio: 90:5:5:0.1. A DiD-labeled, biotinylated microbubble
was prepared. Size distribution of the biotinylated microbubbles was detected by DLS and fluorescent
microscopy. The numbers of microbubbles were quantified using a hemacytometer (Bright-Line™, Sigma-
Aldrich, Canada).
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Figure 13 Schematic of a biotinylated microbubble.

25



Table 3 Size detection of a biotinylated microbubble with different lipid compositions

Main coating Emulsifier (molar ratio%o) Hydrated Dynamic light
lipid (molar solution scattering (DLS)
ratio%o)
DSPC DSPE- DSPE-PEGz000- 1:2:7 gly- Z-Avg Size (N = 3)
PEG2000 Biotin pro-H.0
90 10 / + 944.1 + 379.2 nm
90 9 1 + 636.5 + 93.3 nm
92 7 1 + 606.6 + 63.2nm
95 4 1 + 516.4 £ 40.5nm
97 2 1 + 624.9 £ 167.7nm

2.8 Preparation of TSL-MB

Thermosensitive liposomes conjugated microbubbles (TSL-MB) were developed by linking a biotinylated
TSL-DOX to a biotinylated microbubble via biotin-avidin-biotin linkage (see Figure 14). After agitation,
the biotinylated microbubbles solution was collected and incubated with 20 pL (300 nM) of streptavidin
(Sigma-Aldrich, Canada) in a 20 mL glass bottle. The bottle was gently shaken on an orbital shaker
(VEVOR, Canada) for 1 h at 120 RPM at room temperature. After that, TSL-DOX solution (1 mg/mL) was
added and incubated with the biotinylated microbubbles solution for another 1 h to produce the TSL-MB.
The TSL-MB solution was diluted to 5 mL. The size distribution and morphology of microbubbles before
and after centrifugation were detected by 20X and 60X objectives of a fluorescent microscopy platform.

Three fluorescent channels were used: DiO, DoxRub, and DiD to detect the conjugation of TSL with

microbubbles.
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Figure 14 Schematic of production of a thermosensitive liposome conjugated microbubble.

2.9 Statistical analyses

The results were expressed as the mean # standard deviation (SD). Student’s t-test was used to analyze the
data between two groups. Two-way analysis of variance (ANOVA) was used to analyze multiple
comparisons. *p < 0.05, ** p < 0.01, and *** p < 0.001 were considered statistically significant and very

significant.
Chapter 3 Experimental Results

3.1 Chapter overview

This chapter introduced the initial results that support three research objectives. Specific evaluation criteria
for each research objective were introduced as below:

Research objective 1: Develop TSL-DOX using the microfluidic method and characterize the prepared
TSL-DOX. Characterizations of TSL-DOX including size, stability, polydispersity, and encapsulation
efficiency of DOX were introduced in section 3.2. After that, section 3.3 introduced DOX release
percentage induced by heating at different temperatures and at the phase transition temperature.

Research objective 2: Combing heating and ultrasound-induced cavitation to trigger DOX release from
TSL-DOX. Section 3.4 introduced characterizations of microbubbles. Before combining cavitation and
heating to control DOX release, it is necessary to know whether ultrasound and heating influence drug
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release without cavitation. Therefore, section 3.5 first introduced DOX release of TSL-DOX formed with
different membrane formulations after heating and ultrasound exposures without cavitation. To investigate
the cavitation of microbubbles, ultrasound-induced microbubble destruction was then evaluated by
changing ultrasound parameters: pulse cycles and pulse repetition frequency. Finally, DOX release of TSL-
DOX was evaluated after treating with both heating and cavitation.

Research objective 3: Develop and evaluate an ultrasound-responsive drug-carrying system: doxorubicin-
loaded thermosensitive liposome-conjugated microbubbles (TSL-MB). Section 3.6 introduced the tests to
prove the conjugation of TSL-DOX and a biotinylated microbubble stepwise: 1) proved the conjugation
between DiO-labeled TSL (without DOX loading) and non-fluorescent labeled microbubbles. 2) further
evaluated the conjugation efficiency by changing the biotinylated molar ratios of both DiO-labeled TSL
and microbubbles. 3) evaluated the conjugation between DiO-labeled TSL-DOX (with DOX loading) and
DiD-labeled microbubbles. 4) confirmed the successful development of TSL-MB by evaluating the
colocalization of fluorescent signals of TSL, loaded DOX, and microbubbles. Finally, the DOX release of

TSL-MB and TSL-DOX were compared after combining heating and cavitation.
3.2 Characterization of DOX-loaded thermosensitive liposomes

3.2.1 Size distribution of TSL-DOX

Doxorubicin-loaded liposomes (TSL-DOX) were prepared and evaluated for size and polydispersity index
(PDI). These two factors are the common evaluation indicators of nanoparticles. Figure 15 showed one
representative size distribution and the PDI of a TSL in (NH4)2SO4 solution before drug loading, detected
by DLS. After loading with doxorubicin (DOX), the size and PDI of TSL-DOX were 173.7 £ 11.2 nm and
0.282 + 0.06, respectively (see Table 5). With different preparation conditions, the sizes of TSL-DOX
increased to ~ 200 nm. According to Table 6, the sizes of TSL in PBS and in (NH4)2SO4 solutions were

stable for three months. However, the size of TSL-DOX was increased to ~ 75 nm after one month.
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Figure 15 Size distribution of thermosensitive liposomes.

Table 4 Size detection of liposomes prepared by the staggered herringbone micromixer

Name Flow conditions Size (Z-Ave d.nm) PDI
(mL/min)

TSL TFR*4; FRR":3 197.4 £9.44" 0.316 + 0.082"

TSL TFR:5; FRR:3 179.65 + 6.13" 0.250 + 0.033"
TFR:6; FRR:3 152.5 0.382
TFR:8; FRR:3 203.5 0.288
TFR:10; FRR:3 186.9 0.260
TFR:12; FRR:3 196.6 0.314

a: TFR: total flow rate; b: FRR: flow rate ratio. *: N =6

Table 5 Long term stability test of the size changes of a TSL

Sample Freshly prepared 1 month after 2 month after 3 month after
(Z-Ave d.nm/Pdl) (Z-Ave (Z-Ave (Z-Ave
d.nm/Pdl) d.nm/Pdl) d.nm/Pdl)
TSLinPBS  130.5nm/0.187 155 nm/0.084 171.1 nm/0.047 179.0 nm/0.045
TSL in  243.4 nm/0.204 238.4 nm/0.179 238.2 nm/0.212 246.1 nm/0.120
(NH.)2SO4

29



TSL-DOX 98.37 nm/0.152 174.0 nm/0.271 - -

3.2.2 The absorption and fluorescence emission of DOX

The fluorescent signal of DOX is important to identify the DOX release. Therefore, in this section, the
absorption and fluorescence emission spectrum of DOX was respectively detected by a UV-Vis and a
fluorescent spectrophotometer. The absorption spectrum helps identify the best fluorescent excitation
condition of DOX. As shown in Figure 16a, the peak absorption of DOX is 480~490 nm. After excitation
at 490 nm, the fluorescent emission spectrum of DOX was shown in Figure 16b. The fluorescent emission
spectrum provides specified peaks (~560 and ~600 nm) of DOX, which helps to identify DOX in a

fluorescent emission spectrum when we detected the DOX release from TSL-DOX.
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Figure 16 The (a) absorption and (b) fluorescence emission of DOX in PBS solution.

3.2.3 Lipid membrane disruption of TSL-DOX

To evaluate the DOX release of TSL-DOX at different temperatures, it is necessary to have a positive
control group that indicated 100% release of the loaded DOX from TSL. TritonX-100 was used to control
and fully release the loaded DOX from TSL-DOX. Two different concentrations (0.1% and 1%) of TritonX-
100 solution have been reported to release DOX from TSL-DOX (Hertz & Barenholz, 1977). Therefore, to
confirm the experimental condition, both 0.1% and 1% of TritonX-100 solutions were used to dilute TSL-
DOX to control the DOX release. As shown in Figure 17, in 1% TritonX-100 solution, DOX was fully
released immediately. As a control, the fluorescence of TSL-DOX is low in PBS at room temperature (RT)
because the fluorescence of DOX was quenched inside TSL. In contrast, 0.1% TritonX-100 solution help

to increase DOX release, increasing the fluorescent signal. However, 0.1% TritonX-100 solution did not
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fully release DOX, compared to the 1% TritonX-100 group (see Figure 17). Therefore, 1% TritonX-100

solution is chosen in the following experiment to fully release the loaded DOX from TSL-DOX.
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Figure 17 DOX release of TSL-DOX treated with (a) 0.1% or (b) 1% TritonX-100.

3.2.4 Encapsulation efficiency of DOX

The TSL and the unloaded DOX mixed solution (TSL + DOX) was passed through a SephadexG50 column
to remove the unloaded DOX. As shown in Figure 18a, the unloaded DOX passed slower than TSL-DOX,
indicating the separation. After purification, the color of TSL-DOX was lighter than the mixed solution
TSL+DOX but was stronger than the unloaded DOX. After purification, both the TSL+DOX mixed solution
and TSL-DOX solution were collected and treated was with 1% TritonX-100 to fully release the loaded
DOX. As shown in Figure 18b, the fluorescent peaks of TSL-DOX and TSL+DOX were similar. The
intensity of TSL-DOX (red curve) was also similar to that of TSL+DOX (green curve). In contrast, the

fluorescent intensity of TSL-DOX in PBS (blue curve) is low, indicating a signal quench of DOX.
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Figure 18 (a) Appearance and (b) the fluorescent spectrum of a TLS-DOX in PBS or TritonX-100

solution.

The quenching effect happens when two DOX molecules are closed together and form an energy donor and
receptor pair, decreasing the fluorescent intensity(Barenholz et al., 1993). DOX can form crystallization in
the core of a TSL, causing the fluorescent quenching effect. The results proved that DOX was successfully
loaded into TSL. As shown in Figurel19 a, the encapsulation efficiency (EE) of DOX can reach ~ 80%. The
DOX loading efficiency increased along with the total flow rate (TFR) from 2 mL/min to 6 ml/min.
However, when TFR was higher than 6 ml/min, the EE of DOX does not increase. Figure 19b showed that
the increase of DSPE-PEG2000-Biotin lipids molar ratio on the membrane of TSL has slightly influence of
DOX EE. The highest DOX EE reached ~ 95% for TSL with 3 mol% of DSPE-PEG2000-Biotin. Overall,
adding DSPE-PEG2000-Biotin into the bilayer membrane slightly increased DOX EE. However, there is
no obvious trend of the increase of DOX EE along with the increase of membrane molar ratio of DSPE-

PEG2000-Biotin lipids.
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Figure 19 DOX encapsulation efficiency (EE) of TSL-DOX (@) prepared by different microfluidic
conditions and (b) prepared with different membrane compositions. EE: encapsulation efficiency;

TFR: total flow rate.

3.2.5 Stability of TSL-DOX

In addition to testing the size changes of TSL-DOX, the fluorescent intensity change is another indicator to
show whether TSL-DOX is stable after preparation. As the fluorescent signal of DOX was quenched in
TSL-DOX, the leakage of DOX from TSL-DOX can be detected based on the fluorescent intensity increase.

The encapsulation of DOX inside TSL was further indirectly proved based on the fluorescence resonance
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energy transfer (FRET) effect that happens when two fluorophores are close (< 10 nm). Therefore, |
prepared DiD-labeled thermosensitive liposomes (DiD-TSL-DOX). DiD can insert into the lipid bilayer
and label the membrane of a liposome with low disassociation(Mdnter et al., 2018). The labeled TSLs were
loaded with DOX and formed DiD-TSL-DOX. As shown in Figure 20, with the only one excitation of DOX
(490 nm), both the special emission peaks of DOX (~560nm and ~600 nm) and DiD (~668 nm) were
detected, indicating a FRET effect between DOX (the core of TSL) and DiD (lipid membrane of TSL).
After one week of storage, the fluorescent intensity of DOX (peakl: 560 nm and peak2: 600 nm) slightly
increased. However, the FRET effect of DOX and DiD is similar, indicating a stable state of the loaded
DOX inside the DiD-TSL-DOX. The peak positions of both DOX and DiD were constant, indicating no
obvious degradations of the chemicals. The noise of the fluorescent curve of DiD-TSL-DOX indicated a
strong fluorescent quench effect of DOX inside DiD-TSL-DOX.
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Figure 20 Fluorescence stability of DiD-TSL-DOX.

3.3 DOX release of TSL-DOX

After proving loading efficiency of DOX and the loaded state in TSL, the thermal sensitivity of TSL-DOX
was investigated by detecting DOX release at different conditions: heating at 37 °C or 42 °C for different

time and heating at 37 to 45 °C for the same time.

3.3.1 DOX release of TSL-DOX at 37 °C or 42 °C

The thermal sensitivity of TSL-DOX was examined by changing the environmental temperatures. The
fluorescent intensity changes were indicators of DOX release from the TSL-DOX. As shown in Figure 21a,

the fluorescent intensity of TSL-DOX maintained low for 10 min at 37 °C, like the PBS group at room
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temperature. As the molar fractions of biotinylated lipids increase from 1% to 5%, the final cumulative
DOX release percentages of all TSL-DOX were still < 10% at 37 °C. The DOX release percentage was
calculated based on the fluorescent intensities, according to Equation 7. In contrast, the fluorescent intensity
of TSL-DOX increased after 1 min of heating at 42 °C (Figure 21b). As shown in Figure 21, the DOX
release percentage was increased to 20 ~ 70% in 3 min at 42 °C. As the molar fractions of biotinylated
lipids increase from 1% to 5%, the final cumulative DOX release percentages of TSL-DOX decreased from
69.84 = 7.80 % to 18.90 + 5.39%. This result indicates that DOX release is related to the molar fractions of
biotinylated lipids on the membrane of TSL.
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Figure 21 DOX release percentage of TSL-DOX with different molar ratio of biotin-lipids at (a) 37
°Cor (b)42°C. N =3, ***P < 0.001.

3.3.2 DOX release of TSL-DOX at different temperatures
Although the DOX release of TSL-DOX has been proved at 42 °C, the responsive temperature range is still

unknown. Therefore, in this section, the DOX release of TSL-DOX was evaluated at different temperatures.
Moreover, to further investigate the states of TSL-DOX, size changes were also detected when TSL-DOX
was heated or was cool to room temperature (RT). As shown in Figure 22a, the DOX release obviously
increased at 40 °C. However, the DOX release percentage reach peak at a higher temperature (42°C to 43°C)
when the membrane molar ratios of biotin-lipids increased from 1% to 5%. The maximum DOX release
percentage reached 100% for TSL-DOX (1% biotinylated-DSPE-PEG) at 42 °C. With the increase of biotin
mole ratios from 2% to 5%, the maximum DOX release was decreased from 80% to ~40% at 42 °C. The
size of liposomes also increased ~ 60 nm from 37 °C to 42 °C than that were cooled to room temperature.
After heating at different temperatures then cooling to room temperature, the final sizes of the TSL-DOXs

were ~ 200 nm. Heating increased the sizes of TSL-DOX by 50 ~ 70 nm, but the size changes are reversible
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when cooling to the room temperature. According to these results, TSL-DOX was proved to be thermo-

sensitive, and its best sensitivity range was 40 ~ 42 °C, which is in line with expectations.
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Figure 22 (a) DOX release percentage of TSL-DOX with different membrane combinations at
37~45 °C and (b) Size changes of TSL-DOX at different temperatures.

3.4 Characterization of a biotinylated microbubble

The characterizations of the biotinylated microbubbles were evaluated stepwise: 1) investigate the
morphology, size distribution, and stability. 2) investigate the size distribution change of the microbubbles
after washing with PBS by centrifugation. Based on the completed experiment, the state of a prepared
microbubble and the impacts of the post-processing procedures on the microbubbles were evaluated. These

results supported the preparation of TSL-DOX conjugated microbubble.

3.4.1 Morphology, size distribution, and stability of microbubbles

Both DLS and microscopy have been used to detect the size of microbubbles. As shown in Figure 23,
detected by DLS, the sizes of commercialized microbubbles: USphere™ (Trust Biosonics) and the prepared
microbubbles were 1,380 um and 1,072 um, respectively. As shown in Figure 24, the biotinylated
microbubbles were successfully labeled with DiD (red) on the membranes. Based on the results detected
by fluorescent microscopy, the main size distribution of the freshly prepared biotinylated microbubbles is
0.5-3.5 um with an average mean size ~2 um (Figure 24c). After storing at 4 °C for 24h, the microbubbles

became small with an average mean size of 1~1.5 um (Figure 24b and Figure 24d).
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Figure 23 Sized distribution of (a) commercialized microbubbles: USphere™ and (b) prepared

microbubbles.
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Figure 24 Morphology and sized distribution of DiD-labeled microbubbles that are fleshly
prepared(a), (c) or are freshly prepared and stored in -4 °C after 24h(b), (d).

3.4.2 Size distribution of microbubbles after different times of washing

The size distribution of the biotinylated microbubbles was evaluated after washing for different times in a
5 mL syringe at 250 RCF for 1 min per time. According to calculation, the upper cut-off size of
microbubbles will be ~2.2 um(Feshitan et al., 2009). The sizes of microbubbles are detected using a 20X
objective of microscopy. As shown in Figure 25 a-c, the size distribution range after washing became
narrower when the washing times increased. Figure 25d gave a clear comparison of the sized distribution
range and median. Washing by centrifugation decreased the large microbubbles, the average mean of the
size was around 1~1.5 um. After three times of washing, three segments of the solution in the syringe were
collected and tested for the sizes (see Figure 26). The sized distributions of microbubbles in these three
segments are similar. After centrifuging for once, the size distribution of microbubbles has been limited <

2.2 um, which is in line with the results from the literature.
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Figure 25 Size distribution of biotinylated microbubbles after (a) the first, (b) the second, and (c) the
third time of washing at 250 RCF by centrifugation. (d) The medians of size distribution of

microbubbles after each washing.
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Figure 26 Size distribution of different segments of microbubbles in the syringe after the third time

of washing.

3.5 Ultrasound-induced cavitation and DOX release of TSL-DOX

3.5.1 DOX release of TSL-DOX after treated with different ultrasound burst cycles

In addition to temperatures, the doxorubicin (DOX) release from DOX-loaded thermosensitive liposomes
(TSL-DOX) was slightly influenced by ultrasound. TSL-DOX with different membrane formulations were
treated with ultrasound burst cycles 5 to 100 cycles, frequency: 1MHz, 100 cycles, burst repetition time: 1
ms, duration:10 s. According to the scheme shown in Figure 1, increasing ultrasound burst cycles in each
ultrasound pulse will increase the spatial peak time-averaged intensity (Ispta). As shown in Figure 27, the
DOX release percentages of TSL-DOX are increased to ~10% at 37 °C after ultrasound exposure with 5 to
10 cycles. However, DOX release did not further increase after treated with 50 and 100 cycles of ultrasound
at 37 °C. In contrast, the DOX release percentage is chaotic at 42 °C when the ultrasound burst cycles are
< 20. The DOX release percentage from TSL-DOX was ~15% after being treated with 50 to 100 cycles of

ultrasound at 42 °C for 2 min.
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Figure 27 DOX release percentage of TSL-DOX at 37 °C or 42 °C with different ultrasound burst
cycles. ** P < 0.01.

The sizes and PDI of TSL-DOX did not obviously change when they were treated with different ultrasound
pulse cycles (see Figure 28). After ultrasound exposure, the sizes of TSL-DOX were 197.2 + 4.84 nm,
while the PDI was 0.210 + 0.054, indicating a homogenous dispersity. The sizes are close to the freshly
prepared TSL-DOX (173.7 £ 11.2 nm) without ultrasound exposures.
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Figure 28 Size (blue) and PDI (red) changes of TSL-DOX after treated with different ultrasound
pulsed cycles. N = 3
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3.5.2 DOX release of TSL-DOX after treated with different ultrasound exposure duration

times

Doxorubicin-loaded thermosensitive liposomes (TSL-DOX), with different membrane molar fractions of
DSPE-PEG2K-Biotin lipids, were sealed in the sample chamber with the final concentration of 1 mg/mL.
To evaluate the DOX release percentage, the sample solutions were heated at 42 °C for 10 min. As shown
in Figure 29, TSL-DOX (1% DSPE-PEG2K-Biotin) released 58.82 + 6.55% of the loaded doxorubicin
(DOX) without ultrasound exposures. As the molar fractions of DSPE-PEG2K-Biotin on TSL-DOX
increased, the DOX release percentages decreased. TSL-DOX (5% DSPE-PEG2K-Biotin) released DOX 2
times less than TSL-DOX with 1% biotinylated lipids at 42 °C. A similar trend was found after combining
ultrasound exposure and environmental heating when TSL-DOX were treated with different ultrasound
exposure duration times from 10s to 30s. For TSL-DOX (1% DSPE-PEG2K-Biotin), the DOX release
slightly increased and reached a peak (73.78 £ 7.69%) at an ultrasound exposure duration of 20 s. After
that, increasing ultrasound exposure duration time did not further enhance DOX release. The cumulative
release percentage was 70.39 * 6.88% after 30s of ultrasound exposure, which is still ~10% higher than
that without ultrasound treatment. For TSL-DOX with 2~4% DSPE-PEG2K-Biotin, ultrasound exposure
did not increase the DOX release even when the exposure time was prolonged. Interestingly, TSL-DOX
with 5% of DSPE-PEG2K-Biotin also slightly increased the DOX release after ultrasound exposure.
However, the of drug release was similar. Based on these findings, TSL-DOX with 1% DSPE-PEG2K-

Biotin released more loaded DOX than other groups after treating with heating and ultrasound exposures.
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Figure 29 DOX release percentage of TSL-DOX at 42 °C with different ultrasound exposure time. N
=3.*P <0.05; ***P < 0.01.

3.5.3 Ultrasound-induced cavitation and microbubble destruction percentage

The microbubble destruction percentage was calculated based on the number of microbubbles in 6 different
microscopy views in one test. Three independent tests were done to gain the average destruction percentage
for each point in Figure 30. According to the result in Figure 30, with the increase of ultrasound burst cycles,
the destruction percentage of microbubbles (MBs) increased at both 37 °C and 42 °C. With < 50 ultrasound
pulse cycles, the destruction ratio of microbubbles is similar at 37 °C or at 42 °C. However, the final
destruction percentage of microbubbles (1.386 x 101°) at 42 °C was 76.77 + 8.81%, which is slightly
higher than that at 37 °C (60.43 + 13.41%) when the microbubbles were treated with 100 pulse cycles of
ultrasound. However, there was no statistically difference between the microbubbles’ destruction rates at

37 °C and 42 °C treating with different ultrasound exposures.
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Figure 30 Microbubble destruction percentage at 37 °C or 42 °C with different ultrasound burst
cycles. N = 3.

3.5.4 Size detection of biotinylated microbubbles after ultrasound exposure

As shown in Figure 31, the initial size range of microbubbles at 42 °C was larger than that at 37 °C when
there was no ultrasound exposure. Most of the large microbubbles (diameter > 5 um) were destroyed when
they were heated at 42 °C and then were treated with ultrasound. With different ultrasound burst cycles, the

size range of microbubbles becomes narrower than that were without ultrasound exposure. No obvious
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difference in microbubbles size distributions when they were treated with different ultrasound pulse cycles.
Both the size distribution ranges of microbubbles at 37 °C and 42 °C were similar. Based on these results,

an ultrasound cycle number of 100 was selected for the following experiment to induce cavitation.
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Figure 31 Size change of biotinylated microbubbles under different ultrasound pulsed cycle lengths
at (a) 37°C or (b) 42 °C.

In addition to changing the ultrasound cycle numbers in each pulse. The ultrasound pulse repetition
frequency (PRF) also could potentially influence the cavitation of microbubbles, which could finally affect
the DOX release. Therefore, it is necessary to evaluate the destruction rate of microbubbles when they were
treated with different PRF. According to Equation 1, a higher PRF will provide a shorter pulse repetition
period. As the scheme shown in Figure 1, with the same length of pulse period, decreasing the pulse
repetition period will lead to the increase of duty cycle. Finally, the spatial-peak, time-averaged intensity
(Iseta) Will increase, while the pulse-averaged intensity (Isepa) Was constant. As shown in Figure 32, when
PRF was < 100 Hz, destruction rates of microbubble were ~37.5%. However, when PRF was increased to
1000 Hz, destruction rates of microbubble were increased to > 45%. Based on these results, PRF of 1 kHz

was selected for the following experiment to induce cavitation.
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Figure 32 Microbubble destruction percentage under different ultrasound pulse repetition

frequencies.

3.5.5 Ultrasound-induced cavitation and DOX release of TSL-DOX

Based on the previous experiment, doxorubicin-loaded thermosensitive liposomes (TSL-DOX) have been
proven to release of ~70% the loaded doxorubicin (DOX) at 42 °C. With different membrane molar fractions
of biotinylated lipids, the TSL-DOX responded differently to release DOX. Therefore, in this section, |
further evaluated the influence of ultrasound-induced cavitation on drug release of TSL-DOX. Before
proceeding to examine the DOX release of TSL-DOX, it is important to introduce the differences in the
experimental conditions in this section. Different from the previous experiment, in this section,
microbubbles were added along with TSL-DOX in preparing the sample solution to induce the cavitation
effect. DOX release of TSL-DOX has been tested under three research conditions: heating only, heating
(blue curve) + ultrasound (red curve), and heating + cavitation (green curve). As shown in Figure 33a, TSL-
DOX, with a 1~5% molar fraction of biotinylated lipids, release only ~5% of DOX at 37 °C for 10 min.
When treated with ultrasound exposure, the DOX release of TSL-DOX (1% biotinylated lipids) did not
change. In contrast, TSL-DOX with 2~5% biotinylated lipids increased DOX release in comparison to the
control groups without ultrasound exposure. Interestingly, when combined heating and cavitation, all types
of TSL-DOX increased ~5 times of DOX release, see the green curve in Figure 33a. Among five types of
TSL-DOX, the TSL-DOX, with 1% biotinylated lipids on the membrane, showed the highest DOX release
after treating with heating and cavitation. The increase of DOX release also happened when TSL-DOX

were heated to 42 °C for 10 min. As shown in Figure 33b, the DOX release percentages are close when
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TSL-DOX (1% & 2% biotinylated lipids) were treated with only heating (blue curve) or heating plus
ultrasound exposure (red curve). However, for TSL-DOX (3~5% biotinylated lipids), the DOX release
slightly increased in comparison to that were treated with only heating. Interestingly, when TSL-DOX were
treated with both heating and cavitation (green curve), DOX release percentages were increased for all five
types of TSL-DOX, in comparison to other control groups: W/O US and US. DOX release percentages are
shown relative to the membrane molar ratio of biotinylated lipids. In three experimental groups, as the
molar ratio of biotinylated lipids increased from 1% to 5%, DOX release dropped. For all five types of
TSL-DOX that were treated with cavitation, the DOX release at 37 °C was 30~40%, which was still lower
than that at 42 °C (50% ~ 80%). Though cavitation helps further increase DOX release, heating to the phase

transition temperature (42 °C) of TSL is the incentive for controlling DOX release.
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Figure 33 Ultrasound-induced cavitation and DOX release percentage of TSL-DOX with different
biotin-lipid molar ratios at (a) 37 °C or (b) 42 °C. N = 3. US: ultrasound, MBs: microbubbles. ** P <
0.01; ***P < 0.001

3.5.6 DOX release increased percentage after heating and cavitation

Combining heating and cavitation has been proven to further increase DOX release than heating only. Yet,
the enhancement range of DOX release has not been evaluated. Investigating the enhancement range of
DOX release helps to further identify how much contribution of improving DOX release is from cavitation.
TSL-DOX have been treated with two conditions: heating + ultrasound (blue curve) and heating + cavitation
(red curve) at 37°C or 42°C. Figure 34a showed that TSL-DOX has DOX release percentages increased by
4.56 + 2.83% when these liposomes were treated with ultrasound and heating at 37 °C. Similarly, as shown
in Figure 34b, when TSL-DOX were heated at 42 °C for 10 min, enhancement of DOX release increased

by 5.12 + 3.82% after ultrasound exposures. With 5% of the biotinylated lipids on the membrane, DOX
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release increased by 8.14 + 3.39% when TSL-DOX in comparison to that was treated with ultrasound
exposure only. When combined cavitation and heating, the enhancement of cumulative DOX release
increased by 21.81 + 8.85% for all types of TSL-DOX at 37 °C. Increasing the molar ratios of biotinylated
lipids of TSL-DOX does not obvious enhance or decrease the DOX release. When combined cavitation and
heating, DOX release of TSL-DOX (1% biotinylated lipids) increased by 27.32 + 5.75%. For TSL-DOX
(2~4% biotinylated lipids), the enhancement of DOX releases slightly decreased. However, for TSL-DOX
with 5% biotinylated lipids, the enhancement of DOX releases was 27.10 + 12.61%. The average cavitation-
induced enhancement of DOX release for all types of TSL-DOX at 42 °C was 24.63 + 9.34%. These results
proved that combining cavitation and heating can further enhance DOX release at both 37 °C and 42 °C.

These results proved that the membrane molar fraction of biotinylated lipids can also affect DOX release.
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Figure 34 DOX release increased mediated by ultrasound-induced cavitation at (a) 37 °C or (b)42 °C.
** P <0.01.

3.6 DOX-loaded thermosensitive liposomes-conjugated microbubbles (TSL-MB)

3.6.1 Conjugation of DiO-TSL and biotinylated microbubbles

DiO-labeled thermosensitive liposomes (DiO-TSL) were conjugated to the surface of biotinylated
microbubbles based on the biotin-avidin-biotin linkage. To eliminate the experimental variables and to
minimize the influence from DOX on the biotin-avidin conjugation, in this experiment, | prepared DiO-
TSL (5% biotinylated lipids) that is without DOX loading in the core. DiO-TSL are too small to be detected
by fluorescent microscopy because of the detection limit. In contrast, the microbubbles can be seen under
microscopy. To evaluate the conjugation between TSL and microbubbles, the biotinylated microbubbles
were not labeled with fluorescent dyes. The success of conjugation will be proved when the DiO signal was
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detected from the surface of microbubbles. As shown in Figure 35a, the fluorescent signals of DiO-TSL

showed many green spheres with different diameters at micrometers’ level. The result in Figure 35b showed

overlaps of the fluorescent-labeled spheres and the non-fluorescent labeled microbubbles (10% biotinylated

lipids). This further confirmed that these green spheres were microbubbles. Figure 35¢ showed a larger
view of a DiO-TSL conjugated microbubble and a non-conjugated microbubble. Both were highlighted by

yellow circles. Figure 35d shown the cross-sectional fluorescent intensity distribution of two selected

microbubbles in Figure 35c. The red curve described the overall fluorescent intensity of the microbubble

area that has DiO-TSL conjugated on the surface. As a negative control, another microbubble nearby has

no conjugation of DiO-TSL, showing low fluorescent intensity across the microbubble.
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Figure 35 The conjugation of DiO-TSL and biotinylated microbubbles. (a) DiO fluorescent signal

(green); (b) Merged view; (c) sectional amplification image; (d) cross-sectional fluorescent intensity



of the conjugated microbubble. TSL: thermosensitive liposomes; MBs: microbubbles. Scale bar = 10
pm

3.6.2 The molar fractions of biotinylated lipids on microbubbles and the conjugations

The conjugation between DiO-TSL and biotinylated microbubbles has been proved in the previous section.
After that, it is necessary to find out what is the minimum molar fractions of DSPE-PEG2K-Biotin of
microbubbles that can ensure a conjugation. Three types of microbubbles were prepared with the inclusion
of 3, 5, and 10 mol% DSPE-PEG2K-Biotin without fluorescent labeling. The DiO-TSL were prepared with
5 mol% of DSPE-PEG2K-Biotin. As shown in Figure 36a-c, under the DiO fluorescent channels, the non-
fluorescent-labeled microbubbles were shown as green color. Moreover, in Figure 36d-f, the DiO-TSL
conjugated microbubbles were shown as green. Figure 36d-f also showed the merged views of the bright
field and the DiO channel. With a 5% molar ratio of biotinylated lipids on the membrane, that most of the
microbubbles were conjugated with DiO-TSL, in comparison to the microbubbles with a 3% molar ratio of
biotinylated lipids. However, increasing the biotinylated lipids molar ratio to 10% did not obviously
increase the numbers of TSL-conjugated microbubbles. Based on these results, a 5% molar ratio of the
biotinylated lipids was chosen to prepare biotinylated microbubbles in the next experiment.

a 3% Biotin-MBs b 5% Biotin-MBs ¢ 10% Biotin-MBs
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Figure 36 The conjugation of a DiO-TSL and a microbubble with different membrane molar ratio

of biotin. MBs: microbubbles. Scale bar = 20 um.

3.6.3 Biotinylated molar fractions of DiO-labeled TSL-DOX and the conjugation

Changing the membrane inclusion molar ratio of DSPE-PEG2K-Biotin on microbubbles might influence
the conjugation between DiO-TSL and microbubbles. It is also important to know whether the inclusion
molar ratio of DSPE-PEG2K-Biotin on TSL also influence the conjugation. Whether loading DOX into the
core of TSL will affect the conjugations? To answer these two questions, | prepared DiO-labeled
doxorubicin-loaded thermosensitive liposomes (DiO-TSL-DOX) with the inclusions of DSPE-PEG2K-
Biotin of 1, 3, and 5 mol%. | also prepared non-fluorescent labeled microbubbles with 5 mol% of DSPE-
PEG2K-Biotin. The fluorescent signals from DiO and DOX on the microbubbles will be regarded as proof
of the conjugation. As shown in Figure 37, fluorescent signals of DiO were shown as green, while
fluorescent signals of DOX were shown as magenta. The overlaps of DiO and DOX were shown as white
color. The DiO-TSL (green) were shown at the surface of microbubbles, indicating the conjugations. And
DOX (magenta) was also shown to overlap with the DiO signals. Both signals of DiO and DOX were shown
as white color on the surface of microbubbles in the merged views. These results indicated that DOX and
TSL were sharing the same locations after DiO-TSL-DOX were conjugated to microbubbles. Increasing

the molar fractions of DSPE-PEG2K-Biotin of DiO-TSL does not improve the numbers of conjugations.
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Figure 37 Conjugations between different DiO-labeled TSL-DOX and biotinylated microbubbles.
DiO signal: green; DOX signal: magenta. Scale bar = 10 um.

3.6.4 The conjugation of DiO-TSL-DOX and DiD-labeled microbubbles

The conjugation of a DiO-TSL-DOX and a DiD-labeled microbubble was testified. As shown in Figure
38b-e, the signals of a DiIO-TSL-DOX were detected in DiO (green) and DOX (magenta) channels, while
the signal of the DiD-MB was detected in DiD (red) channel. Triple colors merged well together, indicating

a successful conjugation of a DiO-TSL-DOX and a DiD-MB (Figure 38e). To further confirm the relative
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positions of each fluorescent dye on the microbubble, the fluorescent intensity-based spatial cross-
correlation of microbubbles was detected. As shown in Figure 38f, the fluorescent intensity profiles of triple
dyes across a microbubble were matched at similar positions, which indicate the membrane of the

microbubble.
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Figure 38 Conjugation of DiO-labeled, DOX-loaded TSL and DiD-labeled microbubble via biotin-
avidin-biotin linkage. (a) Bright filed, (b) DiO (green): membrane of the TSL, (c) DOX (magenta):
DOX-loading into TSL, (d) DiD (red): membrane of the microbubble, () Merged view of DiO, DOX,

and DiD channels, (f) Intensity-based spatial cross-correlation of a microbubble.

3.6.5 Fluorescent colocalization of a DiO-TSL-DOX and a DiD-MB

Analyzing the conjugation ratio between a DiO-TSL-DOX and a DiD-MB is based on the fluorescent
colocalization. Colocalization analysis describes the overlay level between two fluorescent channels(Adler
& Parmryd, 2010). Manders’ coefficient (range 0-1) is one of the colocalization coefficients, which is
commonly used to describe the overlay level(Adler & Parmryd, 2010). Figure 39 showed the colocalization
analysis between the fluorescent channels: DOX and DiO, DOX and DiD, and DiO and DiD. The Manders’
coefficient between DOX channel and DiO channel was 0.484. This is similar as the coefficient between
DiO and DiD: 0.477. The results indicate the fluorescence colocalization between DOX and DiO is as

similar as that between DiO and DiD. The results further proved the conjugation of TSL-DOX and a
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microbubble. The Manders’ coefficient of DOX and DiD was 0.879, indicating a high overlay of DOX on

the membrane of the microbubbles.
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Figure 39 Colocalization analysis between fluorescent channels: (a) DOX and DiO, (b) DOX and
DiD, and (c) DiO and DiD.

3.6.6 DOX release of TSL-MB by combining heating and cavitation

DOX release of DOX loaded thermosensitive liposome-conjugated microbubbles (TSL-MB) was evaluated
at both 37 °C and 42 °C. According to the previous paper, there are ~1000 of TSL-DOX conjugated to one
microbubble(Luan et al., 2012). According to this estimation, the sample solutions of TSL-MB (1 x 1019)
can carry drug-loaded liposomes of ~0.6 x 103, Both the sample solution of TSL-MB and TSL-DOX were
finally diluted with 1X PBS with the same concentration of DOX (2.5 pg/mL). The DOX release percentage
was calculated according to Equation 7. As shown in Figure 40, DOX release curves were similar between
the groups of TSL treated with heating only (green curve) and heating + ultrasound (red curve) at 42 °C for
10 min. The cumulative DOX release percentages are closed between three groups: TSL-MB, TSL heating
only, and TSL + ultrasound (US) at 42 °C. However, when only heating at 42 °C for one minute, TSL-MB
released ~ 50% DOX after cavitation, while the other control groups only have < 20% of DOX release.
However, when heating for > 5 min, TSL-MB has a cumulative drug release of ~70%. Other research
groups: TSL-DOX + US and TSL-DOX + heating only have a similar cumulative drug release of 62~65%.
When heating at 37 °C for different time, DOX release percentages of TSL-MB were <10% even treated
with cavitation.
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Figure 40 DOX release of TSL-MB by combining cavitation and heating.

3.6.7 Investigate the physical adsorption of the unloaded DOX and the biotinylated
microbubbles

To prove that the signal of DOX is from the conjugation via biotin-avidin linkage instead of physical
adsorption, the unloaded DOX and avidin were co-incubated with biotinylated microbubbles and then tested.
There are two research groups: the TSL-DOX group and the unloaded DOX group. For the TSL-DOX
group, DOX was loaded into liposomes; for the unloaded DOX group, the same concentration of free DOX
as the TSL-DOX group without liposomal shells. Both the TSL-DOX and the unloaded DOX were added
into the biotinylated microbubbles with the same amount of avidin, respectively. As shown in Figure 41a-
b, the magenta fluorescence represents the signal of DOX. Most of the biotinylated microbubbles were
conjugated with TSL-DOX. However, with the same experimental conditions and range of fluorescent
intensity, the fluorescent signal of the unloaded DOX group is low. It was more obvious in the merged view
(Figure 41b and Figure 41d) that the biotinylated microbubble was conjugated more with TSL-DOX, in
comparison with the unloaded DOX.
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TSL-DOX

Unloaded DOX

Figure 41 (a) and (b): the TSL-DOX conjugate to the biotinylated microbubbles. (c) and (d): physical

adsorption of unloaded DOX and the biotinylated microbubbles in the presence of avidin.

Chapter 4 Interpretations and Significance of Study Findings

4.1 Summary of contributions

Combining ultrasound-induced cavitation and heating can increase the release of loaded drugs from

thermosensitive liposomes (TSL) without changing the membrane lipid compositions. Cavitation can

induce mechanical disruptions to the lipid membrane of TSL to trigger drug release(Lentacker et al., 2010),

and the membrane compositions can change the phase behavior of the lipids, which also impacts the drug
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release at a specific temperature(Kneidl et al., 2014). Current studies have proven that heating TSL to the
phase transition temperature (Tm) can increase drug release from TSL(Dou et al., 2017). However, it is
unknown how much contribution is from cavitation in increasing drug release. Is heating or cavitation the
major incentive in increasing drug release when combining these two effects? Moreover, it is also unclear
how does the membrane compositions of TSL influence the drug release after treating with heating and
cavitation. To answer these questions, | have developed a series of doxorubicin-loaded thermosensitive
liposomes (TSL-DOX) with inclusions of 1 to 5 mol% of DSPE-PEG2K-Biotin. The controlled drug release
was triggered by heating TSL-DOX to the phase transition temperature (Tm) of 42 °C. Cavitation was then
applied after heating TSL-DOX to 42 °C for 10 min. We found that combing heating and cavitation can
further increase DOX release from TSL, in comparison to heating only. While heating to T, is the main
cause for triggering DOX release at Tr, cavitation acts as a secondary factor to further enhance DOX
release. When the environmental temperature is lower than T, cumulative DOX release from TSL is lower
than that were heated at the T even they were treated with cavitation. In addition to changing the
environmental stimulations (heating and cavitation), changing the membrane compositions of TSL-DOX
also affected DOX release percentage. With a higher inclusion of DSPE-PEG2K-Biotin on the membrane,
the final cumulative DOX release percentage decreased even when they were treated with both heating and

cavitation.

The research findings have supported the hypothesis of this research project: increasing temperature to the
T is the driving force of DOX release, while cavitation helps to further increase the cumulative DOX
release after heating. TSL-DOX, formed by different membrane formulations, will respond differently to
cavitation and heating regarding drug release. Since cavitation helps to fully trigger drug release of TSL, it
is possible to precisely control drug release by changing the cavitation effect. Controlling the relative
distance between microbubbles and TSL could be one of the methods to control the influence of cavitation
in drug release. Therefore, this project also developed another drug-carrying system thermosensitive
liposomes conjugated microbubbles (TSL-MB) via biotin-avidin-biotin linkage. The successful conjugation
has been proved. After heating and cavitation, TSL-MB increased DOX release at the early heating time (<
5 min), in comparison to heating only. Though the final cumulative drug release percentage did not increase,
TSL-MB have shown the potential of controlling the drug release kinetics, which might base on the linkage
of TSL and microbubbles. In summary, the findings of this research help to develop more novel controlled

drug release methods using a thermosensitive liposomal system by combining heating and cavitation.
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4.2 Significance of study findings

4.2.1 Preparation of TSL-DOX

The doxorubicin-loaded thermosensitive liposomes (TSL-DOX) have been developed using a staggered
herringbone micromixer. By increasing the total flow rate (TFR) of the lipid solution and the (NH4)2SO4
buffer, we have prepared thermosensitive liposomes (TSL) with sizes of 150 ~ 170 nm (see Figure 15 and
Table 5). The sizes of the prepared TSL were constant in PBS or (NH4)>SO4 buffer solutions for near three
months (see Table 6). This indicates that the prepared TSL were stable in different buffer solutions. The
anticancer drug doxorubicin (DOX) was loaded into TSL to form TSL-DOX. The encapsulation efficiency
(EE) of DOX increased from ~42% to ~80% when the TFR was increased to 5mL/min (see Figure 19).
This implied that increasing the mixing rate of lipids and buffer can improve the EE of DOX. However, the
improvement is limited even we further increase TFR to 10 mL/min. This indicated that DOX loading is
not fully dependent on the mixing rate of lipids and buffer. The fluorescent intensity of DOX in TSL-DOX
was constant in PBS for one week (see Figure 20). This showed that TSL-DOX can keep stable in the

solution without leaking DOX for at least one week.

4.2.2 Trigger DOX release of TSL-DOX by heating

The prepared TSL-DOX release ~ 70% of loaded DOX when they were heated at 42 °C while keeping a
low leakage of DOX at 37 °C for 10 min (Figure 21). This indicated that TSL-DOX were rather stable at
the human body temperature. TSL-DOX can selectively release the loaded DOX at a hyperthermia level (~
42 °C). These properties limit the potentially toxic side effect of DOX to the other normal organs during in
vivo blood circulation. The DOX release was related to the inclusion molar ratios of DSPE-PEG2K-Biotin.
Increasing the inclusion molar ratios of DSPE-PEG2K-Biotin leads to a lower cumulative DOX release at
42 °C. This implied that DSPE-PEG2K-Biotin changed the membrane phase behavior or the membrane
fluidities, leading to a less sensitive response of the lipids to 42 °C. Therefore, | investigated the thermal
transition range of TSL-DOX by heating them from 37 to 45 °C (Figure 22a). The results further confirmed
that the inclusion of DSPE-PEG2K-Biotin rise the transition temperature peak from 42 to 44 °C. TSL-DOX
with 1 mol% DSPE-PEG2K-Biotin has a transition temperature peak of 42°C. However, TSL-DOX with 5
mol% DSPE-PEG2K-Biotin has a higher transition temperature peak of 44°C. These results suggested that
the decrease of DOX cumulative release is related to the phase behavior. The phase behavior can be adjusted
by increasing the inclusion of DSPE-PEG2K-Biotin. A maximum size change also reflects the states of

TSL-DOX when they were heated close to the transition temperature peak (Figure 22b). The size changes
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of TSL-DOX were reversible when they were cooling to room temperature. This result indicated that DOX

release at 42°C does not destroyed the liposomal formulation in the buffer solution.

4.2.3 Triggering DOX release of TSL-DOX by combining heating and ultrasound

As heating to the phase transition temperature can increase DOX release from TSL-DOX. | further
investigate whether TSL-DOX will release more loaded drug when they were treated with both heating and
ultrasound without adding microbubbles to induce cavitation. Both the ultrasound burst cycles and exposure
duration time have been tested. TSL-DOX release small amount of DOX when they were heated at 37 °C
for 2 min then treated with ultrasound of different pulse cycles (Figure 27). Similar DOX release
percentages of TSL-DOX at 42 °C for 2min were found, even they were also treated with ultrasound after
heating. These results indicated ultrasound do not influence DOX release when TSL-DOX were at their
early state of heating. The sizes and PDI of TSL-DOX also help to confirm this finding (Figure 28). In
comparison to the obvious increase of size (Figure 22), TSL-DOX has no obvious changes of their sizes.
The cumulative DOX release is 20 ~ 25%, which is in line with the findings in Figure 21. However, the
DOX releases are chaotic when different types of TSL-DOX were heated at 42 °C and treated with
ultrasound exposures. To further investigate the influence of ultrasound and heating on drug release, |
prolonged the heating time to 10 min, then applied ultrasound to TSL-DOX with different exposure times.
Prolonging ultrasound exposure time slightly increase DOX release of TSL-DOX with 1 and 5mol% DSPE-
PEG2K-Biotin. However, DOX release percentages are similar for other groups of TSL-DOX with 2~4
mol% DSPE-PEG2K-Biotin. These results indicated that ultrasound has limited influence on further

triggering DOX release after heating.

4.2.4 Improve DOX release by combining heating and cavitation

Before inducing cavitation to trigger DOX release from TSL-DOX, the cavitation of microbubbles was first
evaluated. Microbubbles were developed and evaluated for their size and morphology (Figure 24 and Figure
25). Increasing the ultrasound pulse cycles or pulse repetition frequencies can increase the destruction rate
of microbubbles, which can influence the cavitation effect (Figure 31 and Figure 33). By combining heating
and cavitation, TSL-DOX has been proved to further increase doxorubicin (DOX) with a cumulative release
of 80~100% (Figure 34). The DOX release induced by heating is ~70% (Figure 21), while the enhancement
induced by cavitation is 20~35% (Figure 35). This indicated heating to the phase transition temperature
(Tm): 42 °C is the primary incentive of increasing DOX release, cavitation is the secondary motive power
that helps further enhance DOX release after heating. When TSL-DOX were heated to 37 °C and then were
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treated with cavitation, the cumulative DOX release was 25~30%, lower than that at 42 °C. Combining with
heating and cavitation, the enhancement of DOX release at 37 °C is 20~25% (Figure 34 a), which is close
to that at 42 °C(Figure 34 b). Increasing the molar ratios of biotinylated lipids on TSL decreased the
cumulative drug release at both 37 °C and 42 °C even when these TSL-DOX were treated with cavitation
after heating (Figure 33). However, no trend of DOX release changes induced by cavitation (Figure 34).
This implied that DOX release at T is highly dependent on the membrane chemical properties instead of
cavitation, which decide the thermal responsivity of TSL toward heating. In this situation, external
stimulations like ultrasound or cavitation have limit influence on the drug release. However, when TSL-
DOX were only heated at < Tr,, DOX release is less dependent on the phase transition behavior of the
membrane lipids. In contrast, the external mechanical disruptions (i.e. cavitation) can increase DOX release
from TSL.

4.2.5 Develop a new ultrasound and thermal responsive drug-carrying system

According to the results in the previous section, cavitation and heating have been proved to further increase
DOX release from different types of biotinylated TSL-DOX. Based on these findings, to control the relative
distance between TSL-DOX and microbubbles, | further designed a new drug-carrying system:
thermosensitive liposomes-conjugated microbubbles (TSL-MB). The conjugation was based on biotin-
avidin-biotin linkage. Both biotinylated TSL-DOX and microbubbles were successfully prepared and
evaluated in the previous sections. DiO-labeled TSL were conjugated to non-fluorescent labeled
microbubbles (Figure 36). Increasing the molar fraction of DSPE-PEG2K-Biotin on microbubbles can
increase conjugations (Figure 37). This implied that the concentration of DSPE-PEG2K-Biotin can be a
key factor that influences the conjugations. Therefore, TSL-DOX with the inclusion of 2~5mol% of DSPE-
PEG2K-Biotin were prepared to link to microbubbles (Figure 38). However, increasing the molar fraction
of DSPE-PEG2K-Biotin did not improve conjugations. This indicated that DSPE-PEG2K-Biotin on the
surface of TSL-DOX has less influence on the conjugations than those was on the surface of microbubbles.
This might be related to differences in the surface areas between TSL-DOX and microbubbles. As TSL-
DOX only have a surface area of 1.26 x 1013 m?, when their average diameter is ~200 nm. The surface
area of microbubbles (diameter: 2 um) is 100 times larger than TSL. Since increasing the molar fraction of
DSPE-PEG2K-Biotin decreased the DOX release, 1mol% DSPE-PEG2K-Biotin was selected to prepare
TSL-DOX to achieve the highest DOX release after heating and to conjugate to microbubbles. The DiO-
TSL-DOX have proven to be conjugated to DiD-labeled microbubbles (see Figure 39). This indicates

fluorescent labeling and DOX loading do not impact the conjugation. After that, the physical attachment of
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unloaded DOX to biotinylated microbubbles has been tested. The result showed there is no absorption of
the unloaded DOX to microbubbles. This indicated that the fluorescent signals of DOX are coming from
TSL-DOX instead of the unloaded DOX in the surrounding environment. The unloaded DOX cannot attach
to the surface of microbubbles. Combining cavitation and heating increased DOX release (~ 45%) of TSL-
MB at 42 °C in 1 min (Figure 40). However, after treating with cavitation and heating, the cumulative DOX
release percentages did not improve, in comparison to the mixed solution of TSL-DOX and microbubbles
(Figure 33). These findings indicated that the conjugation between microbubbles and TSL-DOX do not
change the final DOX release but might influence the kinetic process of DOX release. However, more

independent tests are required for a convincing conclusion.
4.3 Limitations of the proposed method

4.3.1 More evaluations of controlling DOX release by combining heating and cavitation

The results have proved that heating to the phase transition temperature (Trm) is the leading cause of DOX
release, while cavitation is another stimulation that helps to further release the loaded DOX from TSL-
DOX. Combining heating and cavitation can also increase DOX of TSL-DOX at a temperature that is lower
than Tm. Increasing the inclusion of DSPE-PEG2K-Biotin decreased the cumulative DOX release.
However, it is unclear how DOX release can be adjusted by changing the other lipids instead of DSPE-
PEG2K-Biotin. In addition to changing the chemical properties of TSL-DOX, controlling cavitation and its
impacts on DOX release is another key direction that requires further investigation. More ultrasound
parameters including ultrasound pressure and intensity should be taken into consideration. By detecting the
acoustic pressure field of the ultrasound transducer could help to quantify the ultrasound intensity. This
project has finished the development and characterization of thermosensitive liposomes-conjugated
microbubbles (TSL-MB) to control the relative distance between TSL-DOX and microbubbles. The
cavitation of TSL-MB can also affect the DOX release from the attached TSL-DOX. However, more
investigations are required to evaluate DOX release from TSL-MB by combining heating and cavitation.

4.3.2 Acoustic pressure field detection

The acoustic pressure is directly linked to the ultrasound intensity that describes the acoustic energy and
heat generation at the target point. Therefore, it is important to detect the acoustic pressure field of the
transducer. However, this part of the work has only been partially done. To measure the spatial acoustic
pressure field, a stepwise motion stage (XY Z-F140-L-600*600*100, IntelLiDrives, USA), an oscilloscope

(DS1104Z, Rigol, Canada), and a hydrophone will be used. As shown in Figure 42, a motion stage will be
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controlled by a computer using a MATLAB app that is to control the hydrophone to move in X, Y, and Z
directions. The hydrophone transforms the accepted pressure signals of the transducer into electrical signals
and passes them to the oscilloscope. The oscilloscope collects and shows the signals from both the signal
generator and the hydrophone. These signals can be further calculated as the spatial acoustic pressures and
the acoustic intensity in the computer. Based on the results, the 3-dimensional (3D) acoustic pressure and
intensity at the focal area of the transducer will be confirmed. Finishing this part of the experiment will
help to better control the ultrasound energy that is delivered to the targeted site to induce either cavitation

or heating effect.

| Signal generator I I Oscilloscope H Computer |

|
Power amplifier
/ I y,| Transducer:

Focal length: 11-11.5 cm

Signal generator:

Fo: 1 MHz

Cycle: 100 cycles

Burst repetition period: 1 ms
Amplitude: 50 mVpp

Oscilloscope:
50.0 MSa/s
6K pts

X
\;/ Hydrophone

Water tank

Motion stage

Figure 42 Acoustic pressure field detection of an ultrasound transducer perpendicular toward a

hydrophone.

4.4 Future directions

4.4.1 Bubble-enhanced high-intensity focused ultrasound for controlled drug release

In addition to the cavitation effects, ultrasound can also rise the tissue temperature to induce hyperthermia

(i.e. 40 ~ 45 °C)(Dromi et al., 2007; Grull & Langereis, 2012). This heating effect increases the local blood
60



perfusion and the passive diffusion of anticancer drugs to the targeted cells(Lang et al., 1999). Two Phase-
I clinical trials have applied high-intensity focused ultrasound-induced hyperthermia (HIFU-HA) to
enhance the delivery of Lysol-thermosensitive liposomal doxorubicin (i.e. Thermodox®) to treat breast
cancer and liver cancer (i.e. TARDOX study) respectively(de Maar et al., 2020; Lyon et al., 2017).
Although the concentration of DOX was increased in the tumor sites, the treatment procedure required up
to 60 min of heating because HIFU has only a limited focal region to induce hyperthermia(de Maar et al.,
2020). What’s more, the heat transport efficiency of ultrasound decreases when the blood perfusion rate in
the targeted tissue (e.g. liver) is high(Coussios et al., 2007; Eipel et al., 2010). Interestingly, there are studies
shown a higher HIFU-induced heat deposit efficiency of the tissue, enhanced by locally scattering the
acoustic energy (e.g. cavitation) (Coussios et al., 2007; Kaneko et al., 2005).

The thermosensitive liposome-conjugated microbubbles (TSL-MB) is a suitable drug-carrying system to
investigate the DOX release mediated by the combination of ultrasound-induced cavitation and HIFU-HA,
which is also called bubble-enhanced HIFU-HA. As we have found that combining heating and cavitation
can increase the DOX release from TSL-DOX at an early heating stage (<5 min), the TSL-MB drug-
carrying system can be used to induce bubble-enhanced HIFU-HA to trigger drug release from a

thermosensitive drug carrying system.

4.5 Research summary

Investigating the drug release mechanism of smart drug delivery systems is significant in developing new
controlled drug release methods. This thesis investigates drug release from doxorubicin-loaded
thermosensitive liposomes (TSL-DOX) by combining heating and ultrasound-induced cavitation. To
achieve this research goal, we first developed and evaluated drug release TSL-DOX that have different
membrane compositions. Secondly, we evaluated DOX release by combining heating and cavitation by
adjusting different temperatures and ultrasound parameters. We have found that heating to the phase
transition temperature (Tm) is the primary reason of triggering DOX release. When TSL-DOX was heated
above Tn, combining cavitation and heating can further enhance drug release without changing the
membrane formulations of TSL. Cavitation enhanced DOX release from TSL-DOX at 37 °C, improving
drug release at the targeted site even when the temperature is lower than Tr: 42 °C. Finally, based on these
findings, we further developed and characterized a new functional drug delivery system: doxorubicin-
loaded thermosensitive liposomes-conjugated microbubbles (TSL-MB). When applying both heating and
cavitation to TSL-MB, we found an increase of DOX release when heating < 5min, in comparison to the

TSL-DOX control group. This interesting finding suggested that conjugating TSL-DOX and microbubbles
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can adjust the DOX release behavior at the early heating stage. For the future experiment, TSL-MB can be
designed to load other therapeutic agents (e.g. genes, peptides, and antibodies) and can control the release
of these loaded agents by combining heating and cavitation. Overall, we have proven that combing
cavitation and heating will further improve drug release from TSL-DOX. These findings could support

more the future investigations of drug release from other liposomal drug carrying systems.
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