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ABSTRACT

Nanobubbles, as a kind of special nanoparticles, have been investigated as
theranostic particles in cancer nanomedicine. Despite the huge potential of nanobubbles
for ultrasonic molecular imaging as well as nanocarrier for gas and drug delivery for
tumor therapy, stabilization is still a big limitation of nanobubbles that could affect their
function. Gas vesicles (GVs), as a novel kind of nanoparticle, which are naturally
occurring gas-filled microcavities, have been demonstrated as the first biomolecular
acoustic reporters with gene editability and inherent stability. Here, the theranostic

potential of GVs for cancer treatment is investigated in this study.

First, we explored the potential of GVs for tumor imaging. However, this ability
is limited by the quick clearance of GVs by the reticuloendothelial system (RES) in
vivo. Thus, we developed PEGylated HA-GVs (PH-GVs) for in-tumor molecular
ultrasound imaging by integrating polyethylene glycol (PEG) and hyaluronic acid (HA)
in GV shells. PH-GVs were demonstrated to be able to escape the clearance from the
RES and to penetrate tumor vasculature. Further, PH-GVs produced strong ultrasound
contrast in the tumor site in vivo, with no obvious side-effects detected following
intravenous injection. Thus, we demonstrate the potential of PH-GVs as novel,
nanosized and targeted UCAs for efficient and specific molecular tumor imaging.

Next, the application of PH-GVs on sonodynamic therapy was further investigated.

Sonodynamic therapy (SDT) is a promising alternative treatment method for cancer.



Nanometer-sized GVs have the potential to be a kind of nanosized agent for enhanced
cavitation during SDT. Here, the existence of GVs could enhance the production of
ROS in the solution, was demonstrated. Besides, GVs were confirmed to be able to
enhance SDT both in vitro and in vivo. Thus, we demonstrated that GVs could function
as a kind of targeted nanosized agent for enhanced SDT against cancer.

GVs, as natural gas-filled bubbles, have the potential to be oxygen carriers for
tumor therapy. Tumor hypoxia is believed to be a factor limiting successful outcomes
of oxygen-consuming cancer therapy, thereby reducing patient survival. In this study,
we also explored the potential of biogenic GVs as a new kind of oxygen carrier to
alleviate tumor hypoxia. GVs were modified on the surface of their protein shells by a
layer of liposome. A substantial improvement of oxygen concentration was observed in
subcutaneous tumors when lipid-GVs(O) were tail-injected. Significant enhancement
of tumor cell apoptosis and necrosis was also observed during photodynamic therapy
(PDT) in the presence of lipid-GVs(Oz) both in vitro and in vivo. In conclusion, lipid-
GVs exhibited promising performance for intravenous gas delivery, enhanced PDT
efficacy and low toxicity, a quality that may be applied to alleviate hypoxia in cancers,

as well as hypoxia-related clinical treatments.

In all, we demonstrate the potential of GVs as novel, nanosized agents for efficient
and specific molecular tumor imaging, enhanced SDT as well as oxygen carrier for
enhanced PDT, paving the way for the application of GVs in precise and personalized

medicine.
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CHAPTER 1 Introduction

Despite almost a four-decade war against cancer, cancer is still ranking as the first
death reason in most countries around the world with a high level of human
development. The incidence and mortality of cancer are growing rapidly around the
world and there was 18.1 million new cases and 9.6 million deaths from cancer in one
year according to World Cancer Report 2019 [1-4] released by World Health
Organization (Figure 1.1). This means that more and more people are suffering from

cancer as well as a growing heavy financial burden to the whole society.

Ranking of cancer
Premature mortality (0-69)

1st (48)

2nd (43)

3rd - 4th (22)
5th - 10th (59)

Il Nodata [__] Not applicable

Figure 1.1. Global Map of Cancer Mortality Ranking in 2015. (Adapted from [1])

1.1 Progression of cancer

Cancer begins when cells of the human body undergo uncontrolled growth and

spread to surrounding tissues. Several properties make cancer cells totally different



from normal cells. Compared to normal cells, the accumulated abnormalities make
cancer cells lose their cell regulatory mechanisms that they keep dividing all the time
without further cell differentiation, nor will they begin the process of programmed cell
death. Meanwhile, the metabolic way of cancer cells changed, they obtain energy
mainly through aerobic glycolysis but not mitochondrial-dependent oxidative

phosphorylation (Figure 1.2)[5-8].

EGFR Cyclin-dependent
inhibitors kinase inhibitors

Deregulating

Proapoptotic Regs&'“g E"lj‘b"t',’g Telomerase
< . ce replicative g
BH3 mimetics death immoftaity Inhibitors
Genome Tumor
instability & _ promoting
mutation inflammation
PARP Inducing Activating Selective anti-
inhibitors angiogenesis invasion & inflammatory drugs

Inhibitors of
VEGF signaling

metastasis

Inhibitors of
HGF/c-Met

Sustaining Evading
Aerobic glycolysis proliferative growth Immune activating
inhibitors signaling suppressors anti-CTLA4 mAb

Avoiding

Figure 1.2. Characteristics of cancer cells and normal cells. (Adapted from [8])

This makes cancer cells produce energy at much higher rates than normal cells and
enable them for extremely rapid growth. Besides, cancer cells secrete less cell surface
adhesion molecules that they are less adhesive. Also, cancer cells could secrete

proteases and growth factors that allowing cancer cells to digest extracellular


https://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A3056/

matrix components and promote angiogenesis. All these properties make tumor cells
unrestrained by interactions between cells and matrix, and prone to invade and

metastasize(Figure 1.3)[8-10].
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Figure 1.3 Process of tumor growth and metastasis. (Adapted from [8])

In the first step of tumor initiation, genetic alteration is thought to be the cause of
abnormal cellular proliferation and tumors stayed at the level called dormant nodules.
As tumor progression continues, angiogenesis occurs to enable exponential tumor
growth. Different from normal vessels, vessels in tumors are usually tortuous and leaky

which makes a vascular network in the tumor becomes more complex. The formation
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of new blood vessels continues as tumor grows to provide tumors with essential
nutrients and oxygen. At the same time, cancer cells began to show phenotypic changes
to escape immune surveillance, such as the activation of epithelial-mesenchymal
transition (EMT)[11, 12]. Cancer cells begin to lose cell-cell contact and being able to
move and attain local invasion. At the last stage, cancer cells will undergo intravasation
and extravasation and finally form metastasis and begin to survival in new location.
Thus, cancer is the systemic disorder that involved in many tissues, organs, and even
the whole organism, but not only uncontrolled proliferation of individual cells.
Currently, more than a hundred types of cancer were found and they differ significantly
in their behavior and show different response to various treatment, thus, it is impossible
for a single treatment to cure cancer like other infectious diseases. Besides, the
complexity of cancer progression and metastasis make cancer so complicated and hard

to be cured[13-15].

1.2 Introduction of traditional cancer therapies

The search for cancer treatment over the past 100 years has uncovered several
major therapies such as surgery, chemotherapy, and radiotherapy. These conventional
therapies are advances in clinical application due to their reliability and effectiveness
in killing cancer cells. Still, the severe side effects that may be brought by these
therapies limited their efficacy. Surgery works best for local solid tumors that have not

undergo metastasis. Surgery could remove the entire tumor or debulk a tumor helping


https://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A2944/

to ease some symptoms such as pain or pressure caused by tumors. Still, some common
problems usually occur after the surgery such as the unbearable pain that patients often
feel on the operated part as well as infection, bleeding and unavoidable damage to
neighbor tissues, all these problems increase the risk of the surgery[7, 16-19].

Radiotherapy uses high doses of radiation to treat tumors and ease patients’
symptoms. Radiation could damage cellular DNA and cancer cells under necrosis or
apoptosis days after radiation. Radiation therapy is a good way to slow down the growth
rate of cancer, preventing cancer from coming back. In most circumstances,
radiotherapy is used in combination with other therapies to improve the treatment
efficacy. The limitation of radiotherapy is that radiation could not only kill cancer cells
but also damage surrounding healthy cells and the side effects could show up
immediately after the treatment or months or years after radiation therapy. Besides,
there is an upper limit of the amount of radiation that a human body can safely receive
during the whole lifetime. The higher dose of radiation will damage the adjacent normal
tissues and lead to severe side effects such as skin erythema, dry and moist
desquamation of the skin [20].

Drugs used in chemotherapy could especially stop or slow the rapid growth of
cancer cells. Chemotherapy often used as adjuvant treatment after treatment with
surgery or radiotherapy. However, chemotherapy could also inhibit the growth of
healthy cells which grow and divide rapidly. Immunotherapy is a relatively new kind

of adjuvant cancer therapy that has already been approved to treat many types of cancer.
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Some immunotherapies are trying to boost or stimulate the immune system to fight
against cancer cells. Some are trying to make cancer cells easier to be detected and
destroyed. Immunotherapy could also cause some side effects to the patients such as
skin reaction and flu-like symptoms. Severe side effects such as nausea, hair loss, and
tiredness are usually encountered by patient treated by chemotherapy [21]. Bad reaction
to chemotherapy usually forced part of patients to stop the treatment session few times
before completion[22]. Interrupted treatment could then compromise the effect of the
treatment and may lead to tumor recurrence[23].

Although all these mentioned options have provided significant benefits to slow
down the progression of cancer or to relieve the severe symptom of patients, new
therapeutic methods with high efficiency and little side-effects are still urgently
required against cancer. Besides, cancer is no longer viewed as a group of cells with
genetic alterations that lose control of cell cycle. People are considering cancer as
heterogeneous tissues which consist of both tumor cells and the surrounding
microenvironment (TME) including extracellular matrix (ECM), cytokines, as well as
various immune cells. Tumor physiological TEM interactions between cancer cells and
affect tumor metabolism, aggressiveness and the response to treatment(Figure 1.4)[24].
Thus, the development of precise theranostic system is particularly critical for early

detection and therapy for disease as complex as cancer.
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Figure 1.4 Tumor microenvironment. (Adapted from [24])

1.3 Photodynamic therapy

Photodynamic therapy (PDT), has emerged as a successful clinical therapeutic
modality for cancer treatment which has already been approved by the Food and Drug
Administration (FDA) [25, 26]. PDT relies on the synergistic interaction between
photosensitizers, oxygen and the corresponding light. These elements are individually
non-toxic, but they could initiate chemical reactions and achieve tumor cell apoptosis
when working together. Photosensitizers could selectively enter the tumor site through
blood circulation and give rise to large quantity of reactive oxygen species (ROS) when
excited by the appropriate activating wavelength of light. ROS, especially singlet
oxygen radicals, is believed to be responsible for the necrosis and apoptosis of cancer
cells. Besides producing ROS to directly kill cancer cells, PDT could also cause

immunoreaction against the cancer cells after treatment as well as inhibit tumor growth
;



by cutting off the nutrition supply through cancer-associated vasculature damage [27].
Due to the advantages of well-recognized safety, selectivity and repeatability, PDT has
been applied not only in the field of dermatology but also used as adjuvant therapy to
treat superficial tumors.

The process of photophysical and photochemical change of photosensitizers is the
key part of the whole PDT. As shown in Figure 1.5, the ground state PS has two
electrons in the orbital of low energy and one of the electrons can be boosted into a
higher energy orbital and form a short-lived species after the absorption of light. Part
of the excited singlet state PS could lose its energy by emitting light and undergo
intersystem crossing to form excited triplet-state. Triplet PS can react with lipid or
protein to produce reactive oxygen species or singlet oxygen. In this process, the
production of ROS (free radical and singlet oxygen) can induce different biological
activities, such as DNA fragmentation, chromatin condensation, and cytoskeletal

shrinkage, leading to cell apoptosis[16, 28, 29].

B ékfo

Excited singlet state
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Figure 1.5 Activation of photosensitizers during PDT. (Adapted from [29])



The choose of photosensitizers and the corresponding light is also critical for the
efficacy of PDT. Class photosensitizers such as porphyrin have tetrapyrrole structures.
Taking the classic photosensitizer PpIX as an example, PpIX has a strong absorption
peak between 405 and 415 nm and another smaller absorption peak from 500 to 640
nm. Due to the relatively short wavelength, the penetration depth of blue light is about
2 mm and higher fluence of red light (635 nm) is needed when applied for thicker
lesions[16, 30].

Compared with conventional cancer therapies, PDT possesses several advantages.
Firstly, photosensitizers could accumulate especially in the tumor site after blood
circulation and the location of illumination is limited to the tumor tissue area so that the
adjacent tissue will not be affected. Besides, only corresponding wavelengths of light
source could activate photosensitizers and the remaining photosensitizers in the human
body remain non-active and low toxicity. Light can be focused on a small point and
produce the cytotoxicity at that specific point as well. Briefly, the activation of
photosensitizers depends on the activation of light and this enables PDT to be conducted
in control both spatially and temporally. The excessive ROS produced in the process
could damage a wide range of cells in the tumor site and at the same time minimize
systematic toxicity. Thus, PDT is regarded as a dual-specificity cancer treatment since
PDT offers special local attacks instead of systematic attacks [31] [32].

The non-invasive way of PDT could also reduce the pain as well as the chance of

infection for patients. Meanwhile, slight trauma occurs during PDT and no initiating
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resistance exists for repeated treatments. All these properties make PDT a good choice
for independent cancer treatment or as an auxiliary therapeutic modality. Currently,
PDT has already become one of the best choices for skin cancer treatments[33, 34].
However, some limitations still need to be conquered for further improvement of
PDT efficacy. Firstly, the application of PDT is limited to superficial tumors due to a
limited light penetration depths of laser. Also, the poor accumulation efficacy of
photosensitizers may limit the therapeutic efficiency of PDT. Besides, undesired skin
photosensitization could be caused when patients were exposed to white light even for
a few weeks following the treatment. In addition, PDT is an oxygen-consuming process
that the existence of hypoxia in tumor site could compromise the efficacy significantly.
To date, combining with nanotechnology, various types of photosensitizers have been

developed trying to overcome these limitations.

1.4 Sonodynamic therapy

Sonodynamic therapy (SDT), has emerged as a promising non-invasive
therapeutic modality compared to those traditional cancer therapies in the enduring
battle against cancer [35]. SDT is a kind of ultrasound therapy in which sonosensitizers
are administered to increase the efficacy of ultrasound’s cytotoxicity to tumors while
leaving normal tissue undamaged and intact. The concept of SDT is very similar to the
well-established photodynamic therapy (PDT) which laser is used to activate
photosensitizers to produce toxicity. Compared to PDT whose application is limited to

10



superficial tumors due to the limited penetration of laser light, SDT has the advantage
of being able to treat deep-seated cancer since ultrasound can be focused on a single
point deep within tissues in three dimensions. The effects of SDT on cancer treatment
has been demonstrated widely. Although the generation of reactive oxygen species
(ROS) in the presence of acoustic fields is believed to be responsible for SDT
cytotoxicity, the mechanism for ROS production in SDT is less clear. The occurrence
of inertial cavitation, which includes process of nucleation, growth and the implosive
collapse of gas-filled bubbles in the solution upon the irradiation of ultrasound is an
important process in SDT. Based on the cavitation phenomenon, sonoluminescence
happened in which light is generated from inertial cavitation events and excite the
nearby sonosensitizer to generate ROS [16, 18, 30, 36].

Sonodynamic therapy (SDT), has emerged as a promising alternative therapeutic
modality compared to those traditional cancer treatment modalities in the enduring
battle against cancer. SDT is a kind of ultrasound therapy in which sonosensitizers are
administered to increase the efficacy of ultrasound’s cytotoxicity to tumors while
leaving normal tissue undamaged and intact. The US, as a kind of mechanical waves,
transfer energy from one position to another in a form of molecular vibrations. Their
physical properties have made them been extensively used in medicine for diagnostic
and therapeutic applications. Diagnostic imaging US are used in ultrasound imaging
and Doppler imaging while the therapeutic US is used widely in lithotripsy,

thrombolysis, bone healing, peripheral nerve blocking and tissue ablation due to their
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thermal and/or mechanical effects on the tissue[37, 38].

The concept of SDT is very similar to the well- established PDT which laser is
used to activate photosensitizers to produce toxicity. Compared to PDT whose
application is limited to superficial tumors due to the limited penetration of laser light,
SDT has the advantage of being able to treat deep-seated cancer since ultrasound can
be focused on a single point deep within tissues in three dimensions. The effects of SDT
on cancer treatment has been demonstrated widely. The generation of reactive oxygen
species (ROS) in the presence of acoustic fields is responsible for SDT toxicity,
however, detail process about ROS generation is unclear. Cavitation induced by
ultrasound is believed to be involved in the interaction of ultrasound and sensitizers to

generate ROS (Figure 1.6)[37-39].
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Figure 1.6 Mechanism of sonodynamic therapy. (Adapted from [39])
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Cavitation is the behavior of gas bubbles in aqueous environments with the
interaction of ultrasound. Cavitation includes the process of nucleation, growth and the
implosive collapse of gas-filled bubbles and it can be divided into stable cavitation and
inertial cavitation. While microbubbles rapidly expand and violently collapse in a liquid
medium during inertial cavitation, the microbubbles do not violently collapse during
stable cavitation. Light is generated in the solution upon the irradiation of ultrasound
based on inertial cavitation. Despite this unconfirmed mechanism, microbubbles have
been used to serve as artificial nuclei for enhanced ultrasound triggered cavitation in

SDT[39-41].

1.5 Theranostic ultrasound and contrast agents

Ultrasound imaging, the most commonly used non-invasive imaging modality in
clinics, has the advantages of lack of ionizing radiation, outstanding safety profile, good
Spatio-temporal resolution, deep penetration compared to other modalities (MRI, PET,
and optical). The development of targeted ultrasound contrast agents (UCAs) enables
ultrasonic molecular imaging and extends the diagnostic capability and utility of this
traditional imaging mode[42-44].

Commercial UCAs are usually gas-filled microbubbles with a modified surface
such as ligands which can target cells specifically, thereby significantly increasing the
sensitivity and specificity of ultrasound imaging and therapy. Although the huge
potential of targeted microbubbles in ultrasound molecular imaging and therapy, their
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relatively large size makes them unable to extravasate the vessels and thus limited their
application inside vessels. However, the emergence of nanobubbles could overcome
this limitation. Their nano-size enables them to extravasate the leaky vasculature of
tumor and accumulate in the tumor site. Besides, similar to microbubbles, the ability of
nanobubbles to carry either targeting moieties, imaging agents, or drug payloads makes
them theranostic multifunctional particles. Despite the huge potential of nanobubbles
for ultrasonic molecular imaging as well as nanocarrier for gas and drug delivery for
tumor therapy, stabilization is still a big limitation of nanobubbles that could affect their

function[45, 46].

1.6 Gas vesicles

Gas vesicles (GVs) are gas filled nanostructures which derived from cyanobacteria.
The function of gas vesicles is to provide buoyancy to cyanobacteria making them able
towards oxygen-rich layers to prevent oxygen or light limitation in special water bodies.
Different species of cyanobacteria have different kinds of gas vesicles with a wide range
of sizes and shapes. Isolated from Anabaena flos-aquae, GVs used in this passage
typically showed a cylindrical morphology closed by a hollow conical cap at each end
with length of 500nm, width of 75nm and wall thickness of 2nm. The wall of GVs is a
bilayer protein structure with the outer layer of GVs hydrophilic while the inner layer
of GVs hydrophobic to exclude water out of the 4.6 nm intervals. Thus, gases can flow

in and out of the wall through the interval freely. As a result, no pressure gradient exists
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for gas vesicles, making them inherently stable nanostructures[47-50].

Gas vesicles are mainly made by two types of proteins, GvpA and GvpC. GvpA
which is a small hydrophobic protein, assembles the main backbone of GVs. GvpC is
a relatively larger hydrophilic protein that strengthens the GV shell by binding across
GvpA. GVs exclude water but permit gases to diffuse in and out of the shell freely.
Thus, there is no pressure gradient between the interior GVs and the surrounding brine,
making GVs inherent stable structure despite their nanometer size[47-50]. An in-depth
study on genes involved in GVs production and regulation has been performed in Ana
GVs. Besides various surface modifications that could confer extra properties to GVs.
Thus, GVs establish a good biomolecular platform for further applications. Nowadays,
the development of new application of GVs has attracted more and more attention. The
ability of GVs to produce ultrasound contrast in purified form was found by Shapiro et
al in 2014, establishing GVs as the first acoustic biomolecules. Besides their ability as
ultrasound contrast agents, GVs could also function as contrast agents for magnetic

resonance imaging. [30, 47-51].
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CHAPTER 2 Surface-modified GVs as nanosized

contrast agents for molecular ultrasound imaging of tumor

2.1 Background

The emergence of molecular imaging for cancer diagnosis and monitoring is
considered a major milestone in the field of medical imaging[52]. Molecular imaging
allows the noninvasive and continuous monitoring of tumors at the cellular and
molecular levels[53-55]. Ultrasound imaging, the most commonly-used non-invasive
imaging modality in clinics, has the advantages of low cost, wide availability,
outstanding safety profile, lack of ionizing radiation, high spatio-temporal resolution,
and portability[56-58]. The development of targeted ultrasound contrast agents (UCAS)
enables ultrasonic molecular imaging and extends the diagnostic capability and utility
of this traditional imaging mode[59]. Commercial UCAs are usually gas-filled
microbubbles, surface-modified with ligands that can target cells specifically, thereby
significantly increasing the sensitivity and specificity of ultrasound imaging[60]. Since
microbubbles are several micrometers (1-8 um) in diameter, they remain exclusively
within the vascular compartment and this property makes them particularly well-suited
for intravascular imaging of inflammation, angiogenesis, thrombi etc.[61]. Although
the utilization of microbubbles for ultrasound imaging has shown encouraging results,

their potential utility in biomedicine has been constrained by their inability to pass
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through vessel walls into non-vascular tumor sites[52, 59, 62].

Nanobubbles, due to their nanoscale size, have greater potential in extravascular
molecular applications such as tumor imaging. It is well-established that tumor
vasculature exhibits enhanced permeability and retention (EPR) effects and nano-sized
particles could efficiently cross the leaky, defective vasculature of tumors, leading to
high extravasation and retention of nanoparticles in the tumor site[63]. Recently,
targeted and non-targeted nanobubbles with various shells such as phospholipids or
polymers have been developed for molecular ultrasonic imaging of tumors[45, 64].
Despite their potential benefits in tumor-targeted imaging, their configuration needs
stabilization by the addition of surfactant on the shells as well as by the perfluorocarbon
gas core[43, 44, 65, 66]. Gas escape, bubble fragmentation, and nanobubble collapse
are phenomena that could occur after in vivo administration, negatively affecting their
imaging performance.

Gas vesicles (GVs) are nanoscale gas-filled protein structures expressed
intracellularly in certain cyanobacteria, which were recently reported as gene-encoded
reporters offering significant potential as molecular ultrasound contrast agents[50, 51,
67, 68]. Unlike traditional UCAs, which trap preloaded gas in an unstable configuration,
the 2 nm-thick protein shells of GVs exclude water but are freely permeable to gases in
the surrounding media, making them physically stable despite their nanometer size[48,
51]. GVs were demonstrated to be able to produce robust ultrasound contrast across a

range of frequencies at picomolar concentrations and exhibit harmonic scattering to
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enable enhanced detection versus background in vitro[50, 51]. Moreover, strong non-
linear contrast images of GVs could be acquired on the location of inferior vena cava
(IVC) and liver after intravenous injection[51]. Their stable performance and robust
ultrasound contrast make GVs good candidates as molecular contrast agents for tumor
imaging. However, similar to other common nanoparticles, the majority of GVs after
intravenous administration is usually taken up in non-targeted tissues, such as the liver,
spleen, and lungs[69]. Foster et al. recently reported that the reticuloendothelial system
(RES) cleared 84% of native GVs twenty minutes following administration to mice due
to capture by phagocytic cells and collapsed GVs through the biliary system, with
almost no GVs remaining in the blood 120 minutes after injection[69]. Such rapid
clearance could limit the utility of GVs for tumor molecular imaging as they may not
be able to circulate long enough to extravasate into tumor tissues.

Surface modifications can be made to GVs to resolve the systemic clearance issue
by improving their pharmacokinetic properties. Multiple studies have reported that
adding polyethylene glycol (PEG) on the surface of nanoparticles effectively reduced
RES uptake and increased circulation time in the blood, leading to selective
accumulation of the nanoparticles to the tumor site[70-73]. Likewise, hyaluronic acid
(HA) on the surface of nanoparticles has displayed efficacy in targeting particles to
CD44-positive malignant cancer cells and selectively enhancing the accumulation and
retention of nanoparticles at the tumor site[74-78]. In the present study, PEG-

conjugated-HA was conjugated to GVs and the PEGylated HA-GVs (PH-GVs) were
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characterized. PH-GVs abd GVs were found to be stable in solution as well as when
under ultrasound irradiation. PH-GVs were found to display enhanced targeting and
immune escape abilities compared to unmodifed GVs and were not cytotoxic to cells.
PH-GVs also showed greater tumor targeting and retention as well as longer duration
of sustained signal in vivo, without obvious damage to vital organs. Thus, in all, we
demonstrate PH-GVs as a potent novel nanoparticle for ultrasound molecular imaging

in vivo with high biocompatibility and targeting ability.
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2.2 Materials and methods

2.2.1 Materials

Ethylenediamine (EDA), 1-ethyl-3(3-(dimethylamino)propyl) carbodiimide
(EDC), and Nhydroxysuccinimide (NHS) were obtained from J&K company (Beijing,
China). Propidium iodide (PI) was purchased from Sigma-Aldrich Co. (St. Louis, MO).
ICG-Sulfo-Osu (ICG) was obtained from Dojindo molecular technologies (Tokyo,
Japan). CCK-8 assay kit and 4,6-diamidino-2-phenylindole (DAPI) were purchased
from Sangon Biotech (Shanghai, China). Calcein-AM was obtained by Invitrogen
(Grand Island NY). FITC-conjugated goat anti-rabbit immunoglobulin G was from Life
Technologies (NY, USA). Squamous cell carcinoma cell line (SCC7) were bought from
ATCC (Manassas, VA). Methoxypolyethylene glycol amine (PEG-amine, molecular
weight=5 kDa) was purchased from Shanghai Seebio Biotech (Shanghai, China).
Sodium hyaluronic acid (HA, molecular weight= 234 kDa) was bought from Lifecore

Biomedical (Chaska, MN).

2.2.2 Preparation of native GVs and PEGylated HA-GVs (PH-GVs)

Anabaena flos-aquae (FACHB-1255, Freshwater Algae Culture Collection,
Wuhan, China) was cultured in sterile BG-11 medium at 25°C under fluorescent
lighting on a 14h/10h light/dark cycle. GVs were isolated and purified through tonic

cell lysis and centrifugally assisted floatation according to Walsby’s method (Buckland
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and Walsby 1971). Briefly, hypertonic lysis, achieved by quickly adding sucrose
solution to a final concentration of 25%, was used to release GVs. GVs were isolated
by centrifugation at 400g for 3 h after hypertonic lysis. The isolated GVs formed a
white creamy layer on top of the solution and were collected by syringe. To purify the
GVs, it was washed by the same centrifugation process three times and stored in
phosphate-buftered saline (PBS) at 4°C. The concentration of GVs was estimated using
a literature-based formula (450 nM per OD500) (Walsby 1994), where OD500 is the
optical density at a 500-nm wavelength measured with a UV-visible spectrophotometer
(2100 Pro, GE Healthcare, Piscataway, NJ, USA). Volume fraction was estimated using
approximated gas volumes of 8.4 uL/mg and molar weight of 107 MDa as described
elsewhere (Walsby and Armstrong 1979).
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For PEGylated HA-GVs (PH-GVs) synthesis, PEG and HA were immobilized to
the GVs’ protein shells by covalent conjugation. Firstly, EDC (3.37 mg) and NHS (2
mg) were added to HA solution (10 mg) in PBS (pH = 7.4). The solution was then
stirred in an ice-bath for 2 h. Then 1 mL of GVs (5 nM) dissolved in PBS (pH = 7.4)
was added dropwise. The reaction mixture was stirred for another 24 h at 4°C. The
resulting mixture was added into the ultrafiltration tube (2 mL) and centrifuged at 1800
rpm for Smin to remove free EDC, NHS, and HA. The resultant nanoparticles were
stored in PBS buffer 4°C. PEG was chemically conjugated to the HA-GVs conjugate
through amide formation in the presence of EDC and NHS. The HA-GVs conjugate
was dissolved in PBS (pH = 7.4), which was mixed with EDC (3.37 mg) and NHS (2
mg) in PBS. After PEG-amine (73.5 mg) was slowly added, the mixture was stirred for
24 h in an ice-bath. The resulting solution was then centrifuged against the excess
amount of EDC, NHS and PEG and washed 4 times with PBS.

The prepared GVs were also labeled with a NIR dye, ICG, for cellular
experiments and animal imaging tests, as a first step before the addition of HA and
PEG.[79, 80] Briefly, EDC and NHS were added to ICG solution in PBS (pH = 7.4).
After 30 mins incubation at room temperature, the solution was added to pure GV
solution (molar ratio: ICG/GV=1000/1). Then the mixture was shaken for 4 hours at
4°C and followed by purification 4 times by centrifugation. The resulting mixture was
added into an ultrafiltration tube (50 mL) and centrifuged 1800 rpm for Smin to remove

free ICG. The resultant nanoparticles were stored in PBS buffer.
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2.2.3 Characterizations of GVs and PH-GVs

The particle size and size distribution of PH-GVs were measured by dynamic
light scattering DLS (Varian, Palo Alto, USA). Zeta potential measurements were
performed at 25 °C on a Malvern Zeta Size-Nano Z instrument. UV-vis absorbance
spectra of GVs and PH-GVs were observed by Multiskan Go microplate reader
(Thermo Fisher Scientific, Massachusetts, USA). Fluorescent signals of ICG and ICG
labeled PH-GVs were measured using a fluorescence spectrophotometer (Varian, Palo
Alto, USA). The morphology of GVs was imaged using transmission electron
microscopy (TEM) (JEOL 2100 F, JEOL, Tokyo, Japan) operating at 200 kV. GVs in
deionized water (0.5 nM) were deposited on a carbon-coated grid and dried at room
temperature overnight. Hydrodynamic size was obtained using the dynamic light

scattering (DLS) method.

2.2.4 Acoustic imaging of GVs and PH-GV’s in vitro

PH-GVs and GVs were put into a dropper (5 mL) before imaging and all the
droppers were immersed at the same depth in the deionized water. Ultrasound B-mode
and Contrast mode images of GVs were acquired using Vevo 2100 imaging system
(FUJIFILM VisualSonics, Toronto, ON, Canada, 21 MHz, B-mode) with a transducer
of LZ250 D. The center frequency and output energy level were set to 18 MHz and 4 %,

respectively.
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2.2.5 Cell Internalization detection of GVs and PH-GVs

Squamous cell carcinoma cell line (SCC7 cells) and murine RAW 264.7
macrophage cells were seeded in an 8-well chamber in Dulbecco's Modified Eagle
Medium (DMEM)/high glucose medium supplemented with 10% FBS and 1%
antibiotic solution at 37 °C and 5% CO,. The next day, both cells were washed by cold
PBS and incubated with different kinds of GVs at 37 °C for 4 h with 5% CO:
atmosphere. After incubation, all cells were washed thoroughly with cold PBS. The
cells were finally fixed in cold ethanol for 15 min at -20 °C and mounting medium
containing DAPI was added and incubated for 10 min in the dark. Cell internalization
of ICG labeled PH-GV and ICG labeled GVs were observed by a confocal microscope
(Olympus, USA) and the excitation and emission wavelengths were set at 780 nm and

800 nm for ICG, respectively.

2.2.6 Cytotoxicity detection of GVs and PH-GVs

The SCC7 cells were seeded in a 96-well plate at a density of 8000 cells per well
and cultured overnight at 37 °C in a 5% CO; incubator. The next day, cells were washed
with PBS for 3 times and incubated with GVs, collapsed GVs and PH-GVs at a series
of concentrations for 24 h and 48 h under the same condition. Cell viability was
evaluated by CCK-8 assay kit. The optical density (OD) was measured at 450 nm and

recorded by a microplate reader.
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2.2.7 Biodistribution of GVs and PH-GVs in nude mice

Animal experiments were conducted under protocols approved by the Animal
Care and Use Committee (CC/ACUCC) of Hong Kong Polytechnic University.
Subcutaneous sites of athymic nude mice (seven weeks old, female, 20-24 g) were
injected a suspension of 4 x10° SCC7 cells in PBS (80uL). When the tumor size (in the
right leg region) reached average size of 120 mm?, mice were randomly allocated into
three groups, (a) Free ICG solution was injected into the tail vein of the mice. (b) ICG
labeled GVs solution was injected into the tail vein of the mice. (c) ICG labeled PH-
GVs solution was injected into the tail vein of the mice. Fluorescent imagines were
acquired at 0, 0.5, 1, 2, 4, 8, 12, 24 and 48 h after injection using IVIS Lumina II
(Caliper Life Sciences, USA; Excitation Filter: 780 nm, Emission Filter: 800 nm). At
the time of highest accumulation after one-dose injection, tumors and normal organs
(heart, liver, spleen, kidney, lung, and muscle) were collected and for acquisition of

Fluorescent signal intensity.

2.2.8 In Vivo US imaging of SCC7 Tumor Xenografis in Nude Mice

US images in the tumor sites were recorded on the Vevo 2100 imaging system.
When the tumor size (in the right leg region) reached average size of 120 mm?>, mice
were randomly allocated into three groups, (a) PBS, (b) GVs and (¢) PH-GVs. US
imaged were acquired at 0, 0.5, 1, 2, 4, 8, 12, 24 and 48 h following tail injection. At

the time of highest accumulation after one-dose injection, the high power of US
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stimulation is performed, which can induce the collapse of GVs. The signal intensities

of echo imaging were measured using Vevo 2100 Workstation Software.

2.2.9 Statistical analysis

Comparisons among groups were analyzed via independent-samples one-factor
ANOVA test using SPASS 17.0 software. All statistical data were obtained using a two-
tailed student’s t-test and homogeneity of variance tests (p values <0.05 were

considered significant).
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2.3 Results and discussion

2.3.1 Characterization of native GVs and PEGylated HA-GVs (PH-GVs)

The PH-GVs used in this study were generated by sequential covalent
conjugation of HA followed by PEG to native GVs harvested from Anabaena flos-
aquae (Figure 2.1). The successful synthesis of PH-GVs was confirmed by
transmission electron microscopy (TEM). Compared to native GVs which showed
clean cylindrical morphology and clear ribs on the shell, PH-GVs were wrapped by a
layer of substrate and the ribs on the shell were not easily visible (Figure 2.3a). Zeta
potential of native GVs was between —40 =5 mV while PH-GVs showed a negative
zeta potential of —20 =6 mv (Figure 2.3b). Zeta potential is a key indicator of
nanoparticle stability, and the values obtained for both native GVs and PH-GVs
indicated a suitable surface charge for colloidal stability[81]. Both GV groups showed
nanoscale diameters (~400 nm for native GVs, ~500 nm for PH-GVs) with relatively

uniform size distributions (Figures 2.3c).
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Figure 2.3 Characterization of GVs and PH-GVs. (a) The TEM image of GVs and PH-GVs.
Due to the wrapping and folding of GVs by PH-HA, we can find the surface of the GVs have been
packed with a heavy substance. Scale bar equals to 200 nm. (b) Zeta potentials and Dynamic light
scattering analysis of GVs and PH-GVs in PBS at pH 7.4. Data in (b) and (c) represent the mean =+

SD from on 3 independent experiments.

2.3.2 Ultrasound imaging property of PH-GVs

GVs and PH-GVs were next tested for their ultrasound contrast properties using a
Vevo 2100 imaging system (FUJIFILM VisualSonics, B-mode) operating at 21 MHz,

at different concentrations. Both native GVs and PH-GVs produced robust contrast
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relative to buffer controls at concentrations ranging from 250 to 1000 pM, with gas
volume fractions of approximately 0.01% to 0.1% (Figure 2.4a). Contrast in both GVs
groups increased as the concentration of GVs was increased, with 1000 pM showing
the highest contrast in both groups (Figure 2.4b). We also determined the biostability
of the GV groups by incubating them in PBS or fetal bovine serum (FBS) and imaging
them over the course of 7 days. Native and PH-GVs showed no reduction in
echogenicity in either PBS or FBS, thereby demonstrating their physical stability in
physiologically relevant conditions (Figure 2.4c-d). These results demonstrate that
native and PH-GVs generated by us showed good contrast generation and stability in

solution.
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Figure 2.4 In vitro ultrasound image enhancement. (a) Ultrasound images of a dropper
phantom containing PBS buffer, GVs, and PH-GVs at concentration ranging from 125 to 1000 pM.
Images were acquired at B-mode and contrast mode, as indicated. (b) Total backscattered signal
relative to PBS at each GVs concentration. Data represent the mean =SD based on 4 independent
experiments. (c) Ultrasound images of a dropper phantom containing GVs and PH-GVs (GVs
concentrations of 500 pM) staying for various time. (d) Quantitative analysis of the images in (c).

Data represent the mean +SD from 4 independent experiments.

Besides, we tested the stability of PH-GVs under some physical or mechanical
forces, such as temperature, ultrasonic. We conducted additional experiment to
demonstrate the stability of GVs and PH-GVs under different conditions (25 °C, 37 °C,
45 °C) for different time durations, and examined the ultrasound contrast intensity. The
echoed ultrasound signals were captured in B-mode images (Figures 2.5a) and
quantitative intensity chart (Figure 2.5b) shown below. The results show that the
ultrasound intensity of GVs and PH-GVs remained stable for up to 24 hours at all
temperatures without obvious decreasing trend. In another experiment, B-mode images
were acquired under ultrasound irradiation at imaging intensity level at different time
points. The results in Figures 2.5¢ and 2.5d show no echo contrast decrease of both GVs
and PH-GVs, indicating GVs and PH-GVs are stable enough under B-mode imaging
intensity. GVs used in the study is Ana GVs, and the critical collapse pressure is 440—
605 kPa[51]. When applying 650 kPa ultrasound sonication, both GVs and PH-GVs
collapsed with immediate echo signal disappeared (Figure 2.5¢-d). Both GVs and PH-

GVs collapsed with 650 kPa insonation.
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Figure 2.5 (a) Ultrasound B-mode images of a phantom containing GVs and PH-GVs (1nM)
under different temperatures for different time durations. (b) Quantitative results of the B-mode
image intensity. Data representing the mean £SD from 4 independent experiments. (c) Ultrasound
B-mode images of GVs and PH-GVs under B-mode ultrasound imaging intensity for different time
durations. (d) Quantitative results of the B-mode image intensity. Data represent the mean =SD

from 3 independent experiments.

2.3.3 Targeting ability and immune escape ability of PH-GVs in vitro

To validate the active targeting efficiency of PH-GVs, we incubated our PH-GVs
with the squamous cell carcinoma cell line (SCC7), known to have high expression of
CD44. To monitor the location of our GVs, we labeled both groups of GVs with

indocyanine green (ICG), a near infra-red (NIR) fluorophore (Figure 2.6a). ICG-linked
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GVs showed a significant broadening of their absorption spectrum compared to free
ICG, indicating their successful conjugation (Figure 2.6b). ICG-linked GVs also
showed significantly higher fluorescence intensity at increasing concentrations, thereby

confirming the successful linkage of the dye to the GVs (Figure S2.6¢c-d).
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The interaction of ICG labeled native GVs and PH-GV's with CD44-positive cells
was then evaluated using fluorescence imaging. ICG-PH-GVs showed a significantly
greater ability to accumulate in the cytoplasm of SCC7 cells than the ICG-GVs after 6
hours incubation (Figure 2.7a) indicating more successful cellular uptake of the PH-
GVs. We also tested the GV groups’ immune escape abilities in vitro by incubating
them with the murine macrophage cell line RAW 264.7. Native GVs showed a strong

red fluorescence within these immune cells, while PH-GVs showed little-to-no signal
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(Figure 2.7b) indicating enhanced immune escape of the PH-GVs. PEGylation of HA-
GVs was thus seen to confer greater homotypic targeting and reduced internalization

by immune cells with greater potential for effectiveness in vivo.
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Figure 2.7 Targeting ability and immune escape abilities of PH-GVs. Confocal microscopy

images of ICG labeled GVs and ICG labeled PH-GV co-incubated with SCC-7 cells for 6 hours.
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Scale bars represent 20 um. Representative images are shown in (a). Cellular uptake of PH-GVs by
murine RAW 264.7 macrophage cells were observed under a fluorescence Microscope.

Representative images are shown in (b). Scale bars represent 20 pm.

2.3.4 Biodistribution and tumor accumulation of PH-GVSs in vivo.

Next, we determined the in vivo biodistribution and tumor-targeting
characteristics of PH-GVs. Tumor-bearing mice were monitored for 48 hours by real-
time NIRF imaging after systemic administration of free ICG (200ul, 20pg), ICG-
labeled GVs (20 nM, containing 20ug ICG), ICG-labeled HA-GVs (20 nM, containing
20ug ICG) and ICG-labeled PH-GVs (20 nM, containing 20ug ICG) respectively. Free
ICG and ICG-labelled GVs initially showed significant fluorescence in the vital organs
(liver, lungs, spleen, etc.), but decreased over time without showing localization in the
tumor site (Figure 2.8a). In ICG-labeled HA-GVs group, strong signals around the
whole body of the mice were detected at the early time points. By contrast, ICG-labelled
PH-GVs showed consistent but moderate signals in the vital organs of mice at the
shortly post-injection but showed the strongest localization to the tumor site from 8
hours onwards. 6 hours post-administration, 1CG-labelled PH-GVs showed a
Tumor/Muscle ratio above 2 and was maintained for almost all of the remaining
duration, which is always higher than that of ICG-labelled HA-GVs group (Figure 2.8b).
This ratio did not significantly increase in Free ICG and GVs groups at any point.
Closer examination of the large organs and the tumor showed that 1ICG-labelled PH-

GVs group showed high fluorescence in the tumor at 12, 24 and 48 hours but not in the
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other vital organs, whereas 1CG-labelled GVs localized highly in the liver, but not in
the tumor at any observed time point (Figure 2.8c). The fluorescence intensity of tumor
in ICG-labelled PH-GVs group remained high over the 48 hours period examined,
whereas fluorescence of tumor decreased in ICG-labelled GVs group and ICG-labelled
HA-GVs group over time indicating tumor excretion gradually (Figure 2.8d-f). The
ability of PH-GVs to primarily label the tumor site after 6 hours and the sustained signal
over 48 hours confirmed the PH-modification’s improvement to the ability of the PH-
GVs to escape immune clearance, their stability, and their tumor-targeting potential.
To further confirm the enhanced retention of ICG-labelled PH-GVs in tumor-
bearing mice, we finally investigated the interstitial penetration of ICG-labelled GVs
and ICG-labelled PH-GVs inside solid tumors after 12 hours post-injection. The tumors
were extracted and tumor slices were stained with DAPI (blue) and anti-CD31 antibody
(red) for confocal imaging to label the relative location of cell nuclei and blood vessels.
ICG-labeled GVs showed no fluorescence (green) in the tumor sections, whereas strong
ICG fluorescence was visible in the tumors of the ICG-labelled PH-GV group (Figure
2.89). Crucially, the green fluorescence observed was not restricted to colocalization
with CD31 (vessels) but could also be seen in the region around the nuclei. This
indicates the successful passing of the PH-GVs past the tumor vasculature, through the
EPR effect, and successful cellular uptake by tumor cells. Combined with the evidence
detailed in previous figures, these results demonstrate that the PH-encapsulation of GV

surfaces enabled reduced clearance, enhanced blood circulation time and increased
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tumor penetration through blood vessels, enabling their enhanced in vivo performance.
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ICG labeled HA-GVs and ICG labeled PH-GVs, respectively. Red circles indicate the tumor’s
location. (b) Tumor/muscle (T/M) ratio of tumor-bearing mouse model at different times. Data
represent the mean £SD from 5 independent experiments. (c) Ex vivo fluorescence imaging of vital
organs and tumors taken from tumor-bearing nude mice after 4, 12, 24 and 48 h post-injection of
ICG-labeled GVs, ICG labeled HA-GVs and ICG-labeled PH-GVs, respectively. Quantitative
analysis for the accumulation in tumor and vital organs of ICG labeled GVs, ICG labeled HA-GVs
and ICG labeled PH-GVs are shown in (d), (e) and (f). Data represent the mean £SD (n = 5). *p <
0.05 vs. control. **p < 0.01 vs. control. In vivo biodistribution of PH-GVs. (g) Confocal images of
tumor slices collected from mice 12h post-injection of ICG-labeled GVs and ICG-labeled PH-GVs.
The green and red signals were from the fluorescence of ICG and anti-CD31-stained blood vessels,

respectively.

2.3.5 In vivo cancer US imaging by PH-GVs.

We next tested the GVs groups’ relative abilities to generate US contrast in vivo
by intravenously injecting GVs, HA-GVs or PH-GVs into SCC7 tumor-bearing mice.
200 pul GVs, HA-GVs and PH-GVs (20 nM) were respectively administered into the
tail vein of tumor-bearing nude mice and nonlinear ultrasound images (transmitting at
18 MHz) of the tumor site were acquired using the Vevo 2100 imaging system.
Ultrasound images showing tumor sites at 0, 0.5, 1, 2, 4, 8, 12, 24, and 48 hours post-
injection showed that PH-GVs showed much greater and well-sustained ultrasound
contrast inside the tumor (green signal) compared to native GVs and HA-GVs (Figure
2.9a). Imaging with PH-GVs exceeded the ultrasound intensity generated by GVs and
HA-GVs at 6 hours, peaked at 12 hours, gradually diminishing over the remaining

period, whereas HA-GVs showed lower ultrasound signals and native GVs showed an
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a

HA-GVs PH-GV

GVs

almost flat time profile (Figure 2.9b). To confirm that PH-GVs were the source of the
observed contrast, we applied 650 kPa US pulses, which resulted in the disappearance
of the contrast (Figure 2.9c). Regions of interest containing GVs exhibited 60 +14%
stronger backscattered signals than buffer-injected controls (p = 0.008), with the

difference disappearing after collapse (p = 0.23) (Figure 2.9d).
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Figure 2.9 Ultrasound imaging of PH-GV:s in tumor sites. In vivo ultrasound images of tumor
after intravenous injection of GVs, HA-GVs and PH-GVs were captured. Representative images are
shown in (a) with gquantification of intensity shown in (b). The green color represents the intensity-
enhanced region due to the GVs.(c) Vesicle collapse with destructive insonation (650 kPa).
Representative images are shown in (c) with quantification of intensity shown in (d). Data represent

the mean £SD from on 3 independent experiments. *p < 0.05 vs. control. ***p < 0.001 vs. control.

2.3.6 In vitro and in vivo toxicity detection
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The in vitro cytotoxicity of native GVs and PH-GVs on SCC7 cells was
investigated by incubating them with diverse concentrations of GVs (0-1 nM) followed
by a CCK-8 assay. Incubation with native GVs, broken native GVs (collapsed using
US) or PH-GVs for 24 hours did not induce any noticeable reduction in cell viability at
any concentration (Figure 2.10a). Incubation with any GV group with incubation time
doubled to 48 hours also did not result in decreased cell viability at any concentration
(Figure 2.10b). We thus see that no GV group, including our surface-modified ones,
showed any significant cytotoxicity to cells, indicating their general level of safety. We
then evaluated the in vivo toxicity of the GV treatment on the normal, non-tumor organs
of the treated mice by H&E staining. The gross morphology of all vital organs observed
in either GV group showed no major differences compared to the PBS control (Figure
2.10c). No obvious signs of damage or toxicity were visible in the pathologies of the
heart, liver, spleen, lung, and kidneys. The body weights of tumor-bearing mice over
the 30-day period of testing were also tracked, and we found that groups of mice
injected with GVs or PH-GVs showed no major difference in body weights (Figure

2.10d), confirming our in vitro observations of non-cytotoxicity.
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treatment with GVs, collapsed GVs and PH-GVs at the concentration of 0.031-1 nM for 24 h (a)
and 48 h (b). (c) Representative H&E sections of the vital organs (heart, liver, spleen, lung, and
kidney.) and tumors after GVs/PH-GVs treatment for 30 days. Scale bars, 100 um. (d) Body weights
were measured during the 30-day evaluation period in mice under different conditions. Data

represent the mean £SD from 4 independent experiments.
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2.4 Conclusion

The search for appropriate contrast agent which is small enough to pass through
the vasculature to access the intercellular space of tumors is a critical concern in the
field of molecular ultrasound imaging. In the present study, we successfully synthesized
PH-GVs by combining GVs with PEG, which reduced RES uptake and increased blood
circulation time, as well as a tumor-targeting ligand-HA. We demonstrated that our
synthesized PH-GV's showed good biocompatibility and targetability both in vitro and
in vivo. PH-GVs resulted in reduced uptake in the liver, prolonged blood circulation,
selective accumulation at the tumor site, as well as improved tumor targeting effects.
Crucially, PH-GVs were seen to be good ultrasound contrast agents in CD44-positive
tumor imaging. Such improvements could enable GVs to truly fulfill their potential as
a high-performance nanoscale molecular reporter for ultrasound imaging as well as a

potential carrier for CD44-positive tumor therapy.
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CHAPTER 3 Gas-filled Protein Nanostructures as Cavitation

Nuclei for Molecule-Specific Sonodynamic Therapy

3.1 Background

In the past several decades, the first-line treatments for most cancers have been
surgical resection, chemotherapy, and radiotherapy, and they have provided significant
benefits to patients [7, 17, 82, 83]. Simultaneously, significant attention has been paid
to the development of new, more efficient therapeutic modalities. Sonodynamic therapy
(SDT) has emerged as a promising non-invasive therapeutic modality [18, 36, 39, 84].
SDT combines low-intensity ultrasound and a ‘sonosensitizer’ to generate cytotoxicity
in tumors [37, 41, 85]. It has the advantage of being able to target tumors with high
spatial resolution, since ultrasound can be focused on a single point deep within tissues
in three dimensions while leaving normal tissue undamaged [36, 38]. Such precise
disruption of selected tissues using focused ultrasound provides an advantage in
therapeutics for deep-seated tumors [37-39, 86]. However, targeting a specific cellular
population within a tissue mass is still a challenge for SDT due to the off-target effects
of sonosensitizers and the non-selectivity of ultrasound application.

Ultrasound enables SDT by inducing the occurrence of inertial cavitation, which
is the process of nucleation, growth, and implosive collapse of bubbles during which

extreme temperatures and pressures are generated [37, 41]. It has been suggested that
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inertial cavitation events during SDT can generate light through sonoluminescence and
potentially activate sonosensitizers to generate ROS [18, 37, 41]. Concurrently, the
localized high temperatures generated by inertial cavitation are also believed to
generate free radicals which then directly react with endogenous substances to generate
ROS [18, 36, 41]. Thus, being able to accurately modulate and enhance inertial
cavitation is critical for precise targeting as well as ROS generation and the subsequent
therapeutic efficacy. In vivo cavitation nucleation thresholds are usually high (5-7 MPa)
due to a lack of naturally occurring nuclei, and targeted contrast agents like
microbubbles are usually added to lower the nucleation threshold, making cavitation
more specific and easier to sustain and control [40, 87-90]. However, the in vivo dwell
time of microbubbles is limited due to their inherent instability and their micron size
preventing them from extravasating to tumor sites, which compromises their
therapeutic capability [40, 42, 44, 46].

Recently reported gas-filled protein nanostructures called gas vesicles (GVs) have
demonstrated enhanced ultrasound imaging contrast, comparable to MBs [30, 50, 51,
54, 59, 91]. Unlike microbubbles, GVs are biogenic nanobubbles derived from buoyant
cyanobacteria, composed of a hydrophobic interior protein layer and a hydrophilic
exterior protein layer [48-50, 68]. This special structure allows GVs to exclude water
but allow gas exchange through the protein shell, endowing them with robust physical
stability [48, 51]. Our lab has recently shown that functionalized GVs were capable of

extravasating into deep tumor regions and target CD44 " tumor cells specifically in vivo
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[92].

Given the hollow structure of GVs and their MB-like ultrasound contrast
enhancement capability, we hypothesized that GVs could serve as ultrasound-
responsive cavitation nuclei to facilitate cavitation, making them theranostic
nanoparticles to enable targeted disruption of tumors and SDT enhancement.
Furthermore, functionalized GVs could improve SDT’s potency by allowing the
targeting of a specific cell population. In the present study, we show that adding GVs
to SDT can significantly enhance the treatment’s efficacy. We found that GV's enhanced
ROS production when sonicated in solution. The effects of GVs on cell viability and
cell apoptosis during SDT were examined, and the presence of GVs was found to
significantly increase the production of ROS and cell apoptosis, and to decrease cell
viability compared to the sonosensitizer alone. The effects of GVs on tumor growth and
tissue damage during SDT was also determined in vivo. GV-mediated SDT was found
to significantly increase apoptosis and tumor cell damage in vitro. Functionalized GVs
targeting CD44" tumor cells which can extravasate tumor vessels [74-78, 92] were
found to accumulate in an in vivo tumor site for up to 12 hours post-administration in
vivo, and GV-mediated SDT was found to significantly increase apoptosis and tumor
cell damage. Thus we found that the GVs’ presence enabled targeted disruption of
selected cells within the area of insonation without obvious off-target effects. In all, we
provide evidence for GVs being an efficient and simple way to enhance the efficiency

of targeted SDT against tumors.

45



3.2 Materials and methods

3.2.1 Reagents and antibodies

Dulbecco's Modified Eagle Medium (DMEM), Fetal bovine serum (FBS), trypsin-
EDTA (0.25%) solution and Penicillin-streptomycin solution were purchased from Life
Technologies (Carlsbad, CA, USA). Annexin V-FITC/PI Apoptosis Detection Kit and
2'7'-  dichlorodihydrofluorescein-diacetate (H2DCF-DA) were purchased from
Invitrogen (Carlsbad, CA, USA). CCK-8 assay kit was purchased from Sangon Biotech

(Shanghai, China).

3.2.2 Ultrasonic setup for SDT

For SDT experiments, 1 MHz planar ultrasonic transducer with a diameter of 5 cm
(A303S, Olympus, Tokyo, Japan) was used for sonification in this study. Function
generators (Tektronix AFG3251, Agilent Technologies, USA) and 50dB-gain power
amplifier (A075; Electronics & Innovation Ltd, USA) were used to generate ultrasonic
pulses. Cell culture dishes were placed on top of the transducer, coupled with a layer of
ultrasound gel at 25 °C. Acoustic intensity and field were characterized by hydrophone
(HNP-1000, Onda, Sunnyvale, CA, USA; pre-amplifier: AH-2010, Onda, Sunnyvale,
CA, USA). The cell culture was sonicated with bursts of duty cycle 50% at pulse
repetition frequency (PRF) 1 kHz, under pulses with pulse width 1 s and pulse interval

1.5 s. The spatial peak temporal peak intensity was measured to be 11.7 W/cm? and
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overall sonication duration was 5 minutes. The temperature increase was controlled
within 2.5 °C, as monitored with a thermometer (Checktemp®1 HI98509, Hanna
Instruments, Woonsocket, RI, USA). This setup was applied in the solution, in vitro as

well as in vivo.

3.2.3 Cell culture and SDT

Squamous cell carcinoma (SCC-7 cells) were purchased from Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences (Shanghai, China). SCC-7 cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Life
Technologies), 100 units/ml penicillin, and 100 pg/ml streptomycin. Cells were
maintained at 37°C in a humidified chamber containing 95% air and 5% COx. Cells at
a confluence of 80% were digested with 0.25% trypsin for subculture. Functionalized
GVs were used for in vitro experiments. Cells were divided into eight treatment groups:
(1) PBS(US-), (2) GVs(US-), (3) PpIX(US-), (4) PpIX+GVs(US-), (5) PBS(US+), (6)
GVs(USH), (7) PpIX(US+), (8) PpIX+GVs(US+). Protoporphyrin IX (PpIX) disodium
salt was purchased from Sigma-Aldrich, reconstituted in 100% DMSO (Sigma-Aldrich,
St. Louis, MO, USA) to 1 mM and stored at 4°C. For PpIX treatment, cells were
incubated with PpIX (1 uM) for a 1-hour drug-loading time in DMEM medium
supplemented with 10% FBS. The concentration of GVs used in cell culture was 2 nM.

After ultrasound treatment, cells were cultured in fresh medium for 4 hours and then
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prepared for different analyses.

3.2.4 ROS detection in solution and in vitro

For singlet oxygen detection in the solution, Singlet Oxygen Sensor Green (SOSG)
solution (10 uM) in degassed PBS (pH 7.4) was added into PpIX (1 uM) with or without
GVs (2 nM). The solution was exposed to ultrasound in the dark. The fluorescence
intensity of SOSG was measured by a microplate reader at an excitation wavelength of
488 nm and at an emission wavelength of 530 nm. This protocol was repeated for the
control group (degassed PBS). Intracellular ROS production was measured using
DCFH-DA(Sigma-Aldrich). Briefly, 10 uM DCFH-DA diluted with PBS were added
to SCC-7 cells at 37°C for 20 min. Cells were then washed with PBS three times.
Labeled cells were trypsinized and observed by fluorescent microscopy with X20

(Nikon, Tokyo, Japan).

3.2.5 Cell viability, apoptosis detection

Cell viability was determined using a Cell Counting Kit-8 (Sigma-Aldrich)
according to the manufacturer's instructions. Briefly, cells were plated at a density of 5
x 10° cells per well in a 96-well plate and incubated in 100 ul culture medium for 24
hours. After SDT treatment, cytotoxicity was determined by adding 10 ul CCK-8
reagent per well for 1 hour at 37°C in 5% COxz. The absorbance of the treated samples
against a blank control was measured at 450 nm by a microplate reader (Bio-Tek

Instrument Inc, USA). The relative viability of treated cells was determined by
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comparing with control group. Cell apoptosis was tested by Alexa Fluor 488 Annexin
V/Dead Cell Apoptosis Kit (Thermo Fisher Scientific) according to the manufacturer's
instructions. Briefly, cells were seeded at a density of 5x 10> cells in 6 cm dishes and
treated with SDT. After different kinds of treatment, Cells were collected and incubated
with 5 pl annexin V conjugate and 1 pl PI working solution at room temperature for 15
minutes. Cells were then analyzed by FACS Calibur flow cytometer (Becton-Dickinson,
USA). The percentage of apoptosis and necrosis were analyzed by BD Accuri C6

Software (Becton-Dickinson, USA).

3.2.6 In vivo SDT

All procedures using laboratory animals were approved by the Department of
Health, The Government of the Hong Kong Special Administrative Region, and the
Hong Kong Polytechnic University Animal Subjects Ethics Sub-committee. 5-7 weeks
female athymic nude mice weighing 16-18 g were supplied by the Animal Resource
Centre of The University of Hong Kong. The mice were acclimated to the room for one
week after arrival and were maintained on a normal 12-hour light-dark cycle. The mice
were housed in conventional cages (6 animals/cage) with free access to standard pellet
diet and water in specific pathogen-free conditions with 24£2°C temperature, 60-70%
relative humidity. Standard wood chips for mice were used as bedding material. After
1 week’s acclimation, 4 x10° squamous cell carcinoma cell line (SCC-7) in PBS (80 pl)

were injected into the rear dorsal flank of nude mice by subcutaneous injection. Tumor
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formation occurred approximately two weeks after cell implantation and experiments

were begun when tumor volume reached ~ 150 mm?.

For in vivo SDT, PpIX was administrated at the dose of Smg/kg through pure
topical injection around the tumor 1 hour before SDT treatment. Functionalized GV's
were used for in vivo experiments. The mice were randomly subdivided into five groups,
including (1) PBS (US-), (2) PBS (US+), (3) GVs (US+), (4) PpIX (US+), (5)
PpIX+GVs (US+). The tumor size and body weight of each mouse were measured
every 3 days following the treatment. Subcutaneous tumor volume was estimated by
the following formula: Tumor volume = largest diameter x smallest diameter?/2. All
mice were sacrificed on day 15 and tumor tissues were collected and fixed in 4%
paraformaldehyde for 24 hours, processed through conventional histological techniques,
and stained with hematoxylin and eosin (H&E). Images were captured by a Nikon

optical microscope (Tokyo, Japan) and analyzed using Nikon NIS-Elements software.

3.2.7 Statistical Analysis

Statistical analysis was performed with GraphPad Prism software. Image J,
Photoshop CS, and Illustrator CS software were used for image processing following
the general guidelines. All data, expressed as mean + SD, were analyzed with a two-
tailed student's f¢-test or by one-way ANOVA. P-values <0.05 were considered

statistically significant.
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3.3 Results

3.3.1 GVs mediated ROS production in the solution.

To determine whether there was direct ROS production during the interaction of
GVs with ultrasound, we used the fluorescent probe SOSG (10 uM) to detect the
production of singlet oxygen in a cell-free system. There were minimal fluorescent
signals without ultrasound, but large increases in SOSG fluorescence were observed
upon sonication in the PpIX group (1 uM), GV group (2 nM), and PpIX+GVs group
under sonication, indicating singlet oxygen production (Figure 3.1a). The PpIX+GVs
group showed the highest singlet oxygen production under sonication and was
significantly higher than that of either GVs or PpIX alone. This indicates a synergistic
effect of combining GVs with PpIX, leading to enhanced ROS production upon
sonication. We also found that increasing GV concentration in the presence of PpIX

resulted in greater ROS production upon insonation (Figure 3.1b).
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Figure 3.1 GVs mediated ROS production in the solution. PBS, GVs(2nM), PpIX(1uM), and
PpIX+GVs group were treated with/without US irradiation for 5min, singlet oxygen production in
the solution was then determined in (a) using SOSG under fluorescent microplate reader.
Quantitative analysis was from three independent experiments. **p<0.01 vs. control. (b) The change

of SOSG fluorescence intensity in PpIX+GVs group as GV concentration increased. Data

represented as mean £SD (n=3).

3.3.2 GVs mediated ROS production in vitro.

We next investigated whether the presence of GVs during SDT could enhance
intracellular ROS production in vitro by monitoring DCHF-DA fluorescence through
flow cytometry and imaging. As expected, while ROS production increased in the GVs
and PpIX groups compared to PBS when sonicated, PpIX+GVs consistently showed
the highest ROS production, being significantly higher than the PpIX-only group
(Figures 3.2a-b). Little signal was observed among those groups without ultrasound
irradiation. These data show that adding GVs could significantly enhance intracellular

ROS production for CD44 " tumor cells during SDT in vitro.
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Figure 3.2 Functionalized GVs mediated ROS production in vitro. (a) Cells were treated with
PBS, GVs(2nM), PpIX(1uM), or PpIX+GVs for 1 hours followed by US irradiation(with/without)
for 5min. Intracellular ROS production was then determined 4h after US treatment. ROS generation
as indicated by DCF fluorescence was measured by fluorescent microscope. Representative images
were shown in (a) with quantification data in (b). Quantitative analysis was from three independent

experiments. **p<0.01 vs. control. Scale bar represents 50pm.
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3.3.3 GVs mediated cell viability and apoptosis detection.

Next, the efficacy of GVs on the cytotoxicity of in vitro SDT on SCC-7 cells was
explored. Cells were incubated with PBS,1 uM PplX or/and 2 nM GVs for 1 hours,
followed by US irradiation. The cell viability of SCC-7 cells was determined using a
CCK-8 assay. The PplX and GVs groups each showed some decline in cell viability,
but the PpIX+GVs group showed the lowest cell viability, significantly lower than that
of the PplX-alone group (Figure 3.3a). No decline in cell viability was evident among
those groups without sonication. The enhancement of cytotoxicity of in vitro SDT by
GVs was further confirmed by evaluating apoptosis 4 hours following SDT treatment.
Over 90% of cells were found to be normal in all the unsonicated groups as well as the
PBS+US and GVs+US groups; while this number decreased to ~ 75% in the PpIX
group, it was significantly lower in the PpIX+GVs (65.4%) group under ultrasound
treatment (Figure 3.3b). The levels of late apoptosis and necrosis observed in this group
were also found to be much higher than in all other groups. Thus, we found that the
existence of functionalized GVs could induce significantly higher cell death and

apoptosis than SDT-alone, leading to higher therapeutic efficacy for CD44" tumor cells.
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Figure 3.3 In vitro cell viability and apoptosis assay of functionalized GVs mediated SDT.
Cells were treated with PBS, GVs(2nM), PpIX(1uM), or PpIX+GVs for 1 hours followed by US
irradiation(with/without) for 5min. Cell viability and apoptosis were then determined 4h after US
treatment. (a) The relative cell viability of SCC-7 cells after different treatments was determined by
CCK-8 assay. Data represent the mean £SD based on 3 independent experiments. **p < 0.01 vs.
control. (b) Evaluation of cell apoptosis following different treatments was done by flow cytometry
through Annexin-V and propidium iodide (PI) double staining. Data represent the mean =SD based

on 3 independent experiments. *p < 0.05 vs. control.

3.3.4 In vivo SDT assay

We finally evaluated the effect of functionalized GVs on PpIX-mediated SDT in
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vivo. SCC-7 cells were used injected in athymic nude mice to induce tumor formation,
and treatments began when subcutaneous tumor volume reached 150 mm?. For SDT
treatment, functionalized GVs (200 pl, 20 nM) were injected 12 hours before ultrasound
irradiation by tail injection and PpIX injected intravenously into the tumor 1 hours
before ultrasound irradiation. Tumor volumes and body weight were measured every
three days after various treatments. Rapid and continuous growth of tumors was
observed in PBS (US-), PBS (US+), and GVs (US+) group for the following 15 days,
with tumor volume reaching nearly 1000 mm?® (Figure 3.4a). For SDT treatment groups,
both PpIX (US+) and PpIX+GVs (US+) exhibited effective growth inhibition efficacy,
as tumors were found to shrink significantly in the three days following SDT treatment
and to regrow slowly at a slower rate. Crucially, the PpIX+GVs (US+) group showed
significantly smaller tumors and slower growth rate than the PpIX (US+) group. No
major changes in the body weights of mice in different groups were observed
throughout the experimental period (Figure 3.4b), indicating low systematic toxicity.
The tumors were then excised and stained with H&E or a TUNEL assay to directly
observe the effects of the SDT treatment. Compared to control group, which showed
normal morphology, H&E staining in both PpIX (US+) and PpIX+GVs (US+) groups
revealed severe damage, with the latter showing the most significant toxicity effects
(Figure 3.4c). Similarly, a TUNEL assay revealed much higher levels of apoptosis in
PpIX+GVs(US+) than in the PpIX(US+) group, with almost no apoptosis in PBS(US-),

PBS(US+), and GVs(US+) groups (Figure 3.4d). Taken together, these results
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demonstrated the potential of functionalized GVs to enhance SDT outcomes in vivo, in

particular their capability to target the tumor site specially and induce tumor toxicity.
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Figure 3.4 Functionalized GVs mediated SDT in vivo. (a) The effects of GVs on in vivo SDT
were determined. Tumor growth curves of SCC7 tumor-bearing mice with different treatment
groups. n =5 mice per group, *p < 0.05 significance level. (b) Bodyweight of SCC7 tumor-bearing
mice after various treatments. (c) Representative histological images of H&E stained tumor slices

collected from different groups. Scale bar represents 200 pum. (d) Representative images of TUNEL

assay of tumor slices collected from different groups. Scale bar represents 200 um.

3.4 Conclusion
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In the present study, we lay out a role for a GV-based nanoplatform for enhanced
targeted sonodynamic therapy of cancer cells. We consistently found that a larger
quantity of ROS was generated both in solution and in vitro with the addition of GVs
during SDT. Obvious increases in cell death and apoptosis were observed with the
addition of GVs compared to SDT alone. In vivo, GVs were observed to enhance the
damage induced by SDT to tumors, as well as inhibit tumor regrowth. We also
augmented the treatment by using functionalized GVs with ultrasound to enable more
selective SDT treatment. This allowed targeted disruption of selected (CD44") cells in
the area insonated. In addition, no ROS production, cellular apoptosis or cell death were
observed with GVs alone, nor were other major indications of treatment-induced
systemic toxicity observed. These results show GVs to be well-tolerated compared to
other organic or inorganic materials, consistent with our previous studies [30, 92]. Thus,
GVs consistently increased the efficacy of SDT in vitro and in vivo by significantly
increasing the ROS production and are a promising nanoplatform for more targeted
therapeutic efficacy under ultrasound irradiation. The ability of GVs to serve as
therapeutic enhancers in addition to their well-established role as ultrasound contrast
agents also makes possible their application as theranostic particles for even further-
improved treatments such as ultrasound imaging-guided targeted cancer therapy.

While our results are encouraging, further study is needed to achieve greater
spatial and molecular specificity. In particular, research is required to study the

influence of functionalized GVs’ physical and chemical properties on therapeutic

58



efficiency and their ability to target desired cells during SDT. Ultrasonic parameters
such as intensity, mechanical index, and duty cycle may all have effects on GVs’ effects
and could be tuned to increase or even optimize treatment efficacy. Additional
engineering of GVs may also be needed to achieve better cellular targeting, such as
using more tumor-specific cell surface markers, or a combination of cell-surface
molecules to better tailor the enhanced SDT treatment. Such modifications in the
treatment scheme would require deep systematic study, but could enable SDT

treatments that are more targeted and more effective in future.
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CHAPTER 4 Biogenic nanobubbles for effective oxygen

delivery and enhanced photodynamic therapy of cancer

4.1 Introduction

The existence of hypoxia is a common characteristic of most solid tumors, caused
by low vascular density, irregular vascular geometry and an imbalance between oxygen
consumption and supply at the tumor site. This often compromises any cancer therapies
that may be applied. Hypoxic cells are more resistant to radiotherapy, chemotherapy
and other oxygen-consuming therapies such as photodynamic therapy (PDT)[19, 93].
This is exacerbated by the fact that hypoxia is closely associated with a high risk of
metastasis, further worsening therapeutic outcomes. Given hypoxia’s obstructive role,
tumor oxygenation is considered an important auxiliary method for anticancer
therapy[94, 95]. Tumor oxygenation has been tried in two primary ways: increasing
blood oxygenation in general or increasing oxygen delivery at the tumor site.
Hyperbaric oxygen (HBO) and hyperbaric carbogen are common ways to reduce tumor
hypoxia by increasing the amount of dissolved oxygen in blood throughout the
body[96-98]. However, not only are these methods prohibitively expensive, their
generic, untargeted nature could lead to severe deleterious off-target side-effects. An
alternative approach is to use molecular oxygen carriers, that can bind oxygen with high

affinity and enable rapid and targeted tissue delivery. Perfluorocarbon (PFC) emulsions
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and acellular hemoglobin-based oxygen carriers (HBOCs) were initial attempts at
oxygen delivery to tumors. Unfortunately, such carriers failed due to their merely

marginal benefits and severe side effects in clinical trial[99-101].

More recently, efforts have been made to develop synthetic microparticles and
nanoparticles such as oxygen-filled microbubbles and nanoparticle-based HBOC:s.
Notably, oxygen-filled lipid microbubbles have shown good capability as oxygen
carriers[102-104]. These microbubbles, usually coated with a layer of lipid, can hold
large amounts of oxygen in their gas core. Microbubbles have also been demonstrated
to change the hypoxic microenvironment in vivo and enhance outcomes for
chemotherapy and radiotherapy[103, 105-108]. Thus, oxygen-filled microbubbles
constitute a promising new way to deliver oxygen to hypoxic tumor sites for therapeutic
purposes. However, despite their effectiveness in delivering oxygen to tissues, various
studies also revealed critical limitations in their anticancer abilities. Microbubbles have
limited intravascular dwell time due to their relatively large sizes (> 1um). Thus,
repetitive administration is required for continuous oxygen delivery, which increases
the viscosity of serum and causes long-term toxicity in blood and tissues[109, 110].
Lipid microbubbles may also suffer from stability issues such as dissolution and
coalescence when entering the circulation, correlated with greater product loss, possibly
leading to excessive production of reactive oxygen species (ROS) and adverse oxidative
stress[106, 111, 112]. Such lipid microbubbles are, thus, not ideal candidates for

oxygenation of tumor tissues in the body. Stable oxygen-filled nanobubbles which do
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not undergo dissolution and coalescence may provide an alternative that could
overcome the aforementioned limitations of microbubbles. Nanobubbles are
established as having long intravascular dwell times, and their smaller size could exploit
enhanced permeability and retention (EPR) effects to pass through the leaky vasculature
of tumors to deeper sites[46, 106]. These properties enable nanobubbles to stay longer
and go deeper into the tumor site, paving the way for potential improvement of clinical
outcome[113, 114]. Nanobubbles such as dextran nanobubbles, polymer, and lipid
nanobubbles have also been developed for oxygen delivery in initial studies[115-119].
Nevertheless, limitations such as instability and relatively lower half-life also exist for

those synthetic nanobubbles.

Gas vesicles (GVs), a nanoscale hollow structure, have recently been reported as
the first biomolecular acoustic reporters with gene editability and inherent stability.[50,
51, 54, 92, 120] In contrast to synthetic nanobubbles, GVs naturally occur gas-filled
cavities formed by cyanobacteria or archaea as a means to control buoyancy for optimal
access to light and nutrients in the water. They are hollow protein shells with sizes
different from 200-400 nm[49]. The mechanism to load GVs with gases is significantly
different from that of regular microbubbles/nanobubbles.  Typically,
microbubbles/nanobubbles depend on the lipid shell to encapsulate gases, creating a
gradient between internal and external pressure, and the addition of surfactant
stabilizers is needed to stabilize them[109, 110]. However, the walls of GVs exclude

water but allow gas to permeate in and out the shells freely. Hence, only a minimal
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pressure gradient is created, allowing GVs significantly greater stability than nanoscale
bubbles[49, 51]. Additionally, the protein surface of GVs is amenable to modification,
and this could be used to endow GVs with additional physical or chemical properties

that may help them to be better oxygen carriers[67].

To attain better oxygen delivery efficacy, we fabricated lipid coated GVs and
investigated their ability as a new platform to elevate oxygen concentration in hypoxic
tumor sites. We found the GVs to be nanosized and stable in solution over 6 months.
We evaluated whether lipid-GVs(Oz) administration treatment could alleviate hypoxia
both in cultured cells and in a hypoxic tumor model and found that they significantly
improved oxygen delivery compared to native GVs(Oz). Furthermore, we verified the
effects of lipid-GVs(O2) using photodynamic therapy (PDT). PDT is an oxygen-
consuming therapy and the efficacy of PDT is dependent on oxygen related generation
of ROS[16, 28, 121-124]. The presence of lipid-GVs(0O») significantly improved ROS
production and reduced cell viability in combination with PDT compared to PDT alone,
while causing no notable toxicity by themselves. This combination PDT treatment also
significantly reduced tumor size in vivo and increased the number of apoptotic cells,
with obvious damage visible in excised tumors. Thus, this study lays the groundwork
for lipid-coated GVs as an oxygen-delivery vehicle to safely enhance the efficacy of

PDT.
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Figure 4.1 Schematic illustration of lipid-GVs(02) on the efficacy of PDT.
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4.2 Methods

4.2.1 Preparation, surface modification and characterization of lipid-GVs

Anabaena flos-aquae (FACHB-1255, Freshwater Algae Culture Collection at the
Institute of Hydrobiology, China) were cultured in sterile BG-11 Medium (Sigma, St.
Louis, MO, USA) at 25°C under fluorescent lighting with I4hr/10hr light/dark duty
cycle. Algae were hypertonic lysed with a 25% concentration of sucrose solution when
they became mature, and GVs were then released from the algae. GVs were then
isolated by centrifugation at 600g for 3 h and isolated GVs could form a white layer on
the top of the solution after centrifugation. GVs was purified three times with
phosphate-buffered saline (PBS) and stored in PBS at 4°C. The concentration of GVs
was measured by optical density method characterized by 500 nm wavelength light
(OD500) by UV-Visible spectrophotometer (2100 pro, GE Healthcare Ltd, Piscataway,

NJ, USA) and calculated to mole concentration with the ratio of 450 pM/OD500[51].

To modify the GVs surfaces, 6 pl of 18 mg/ml dioleoyl phosphatidylcholine
(DOPC) (Thermo Fisher Scientific, MA, USA) was dissolved in 2 ml chloroform
(Thermo Fisher Scientific, MA, USA) in a 25 ml round-bottom flask. The solvent was
then evaporated and the samples were dried in a vacuum rotary evaporator. 1 ml of 20
mM HEPES buffer (pH = 7.2, Thermo Fisher Scientific, MA, USA) was then added to
the dried lipid layer, forming a cloudy solution after vigorous agitation. The mixture

was then probe-sonicated (20 W, 15 s pulses for 20 min) for 3—5 min until the solution
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became clear. The resulting liposome solution was stored at 4°C for further use. 1 ml
prepared liposome solution was added to 1 ml of 1 nM GV solution and incubated
overnight on a rocker platform. GVs were then washed three times by centrifugation
(24,000 rpm, 10 min) and resuspended in PBS. Finally, lipid-GVs were resuspended in

PBS for use in experiments [125-127].

In order to understand the biodistribution of lipid-GVs in vivo, indocyanine green
(ICG) (Sigma-Aldrich, St.Louis, MO) was used to label lipid-GVs. ICG was added
during liposome preparation at a ratio of 20pg ICG:5nM lipid-GVs. To completely
incorporate ICG into the lipid membrane, ICG dissolved in 100% CH3OH was added
to the lipid mixture prior to it being dried into a thin film [128]. Light exposure was

avoided during fabrication of ICG labeled lipid-GVs.

For characterization of GVs, size distribution and zeta potentials were determined
by laser light scattering using a 90 Plus instrument (Brookhaven, Holtsville, NY, USA)
at a fixed angle of 90° and a temperature of 25 °C. UV-Vis absorbance spectra of ICG
and ICG-lipid-GVs were determined by a Multiskan Go microplate reader (Thermo
Fisher Scientific, Massachusetts, USA). The size and morphology were determined by
Transmission Electron Microscopy (TEM) with the operating voltage of 200 kV.
Samples of GVs (OD 0.1) were deposited on a carbon-coated formvar grid. To measure
the stability of GVs, single particle size and concentration of the formulation were

determined in the first month and the sixth month respectively.
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4.2.2 Determination of oxygen release kinetics of lipid-GVs in solution

The oxygen concentration in the solution was monitored using an oxymeter
(Portamess 913 OXY, Knick, Germany) and the data were recorded as mg/l. Before
each experiment, the oxymeter was calibrated in air, after waiting for stable temperature
and humidity conditions to be re-established. Oxygen filled PBS (PBS(0O.)), oxygen
filled GVs (GVs(02)), and oxygen filled lipid-GVs(lipid-GVs(O.)) were prepared by a
continuous oxygen purge for 20 min. To determine oxygen release kinetics of GVs, 1ml
PBS(02), GVs(0O2) or lipid-GVs(0O2) (filled with oxygen, sealed into vials) were
injected into the Sml hypoxic solution and the oxygen concentration of the solution was
monitored over time. The hypoxic solution was obtained by a continuous N> purge until
the oxygen concentration in PBS was finally reduced to 0.8 mg/l (severe hypoxia). All

the experiments were performed in triplicate.

4.2.3 In vitro O: delivery test of lipid-GVs(O2)

Human hepatoma cell line (HepG2) were obtained from the cell bank of the
Chinese Academy of Science, Shanghai, China. HepG2 were cultured in high-glucose
(4.5 g/1) Dulbecco’s modified Eagle’s medium with L-glutamine (Thermo Fisher
Scientific, MA, USA) following standard cell culture instructions. All media were
supplemented with 10% (vol/vol) fetal bovine serum, penicillin (100 U/mL) and
streptomycin (100pg/ml) (Thermo Fisher Scientific, MA, USA). Cells were grown at

37°C in a 5% CO; and 95% air atmosphere until 70%-80% confluence before
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trypsinization and harvesting for in vitro studies. For hypoxia detection, cells were
cultured in a hypoxic chamber (1% oxygen, 5% CO.) overnight before the experiment.
Hypoxic conditions in the media were monitored using Image-iT™ Red Hypoxia
Reagent (5uM) bought from Thermo Fisher. This hypoxia reagent could measure
hypoxia in live cells and it is non-fluorescent when live cells are in an environment with
normal oxygen concentration and show fluorescent when oxygen levels decrease.
Besides, it is a real-time oxygen detector with a fluorogenic response changes according
to the surrounding oxygen levels. The reagent was added into the medium and co-
cultured with cells at the beginning of the experiment and the fluorescence of the
reagent was monitored before/after the addition of lipid-GVs(Oz). lipid-GVs(O2) (InM)
were co-cultured with cells for an hour during the experiments. Cells were then
visualized under laser-scanning confocal microscopy with X63 objective (Nikon,

Tokyo, Japan) and the intensity of fluorescence was quantified by Image J.

4.2.4 In vitro photodynamic therapy.

5-aminolevulinic acid (ALA) which was obtained from Sigma (St Louis, MO,
USA) was used in this experiment as the photosensitizer. It was dissolved in PBS to a
stock concentration of 1M and was stored in the dark at -20°C. For the ALA treatment,
cells were incubated with ImM ALA for a 4 h drug-loading time in DMEM medium
supplemented with 10% FBS. The optical setup for PDT treatment is shown in Figure
5A. Cells under PDT treatment were exposed to laser with a power of 100 mW/cm?
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for Smin. The light source was generated with a wavelength of 405 nm by an optical
fiber was collimated to an aperture and irradiated to the 35mm cell culture dish. The
position of the cell culture plate was manually controlled by a two-axis motorized linear
stage. After the treatment, the cells were cultured in fresh medium for different times

and then prepared for different analyses.

4.2.5 Cell viability, apoptosis, and intracellular ROS production assay.

Cell viability at 4h following PDT was determined using a Cell Counting Kit-8
(Sigma-Aldrich) according to the manufacturer's instructions. Briefly, cells were plated
at a density of 5000 cells per well in a 96-well plate and incubated in 100ul culture
medium for 24h. Cytotoxicity was determined by adding 10ul CCK-8 reagent per well
for 1 hat37°C in 5% CO». The absorbance of the treated samples against a blank control
was measured at 450 nm as the detection wavelength. The viability of treated cells was
determined by comparing to the untreated ones in the control group. Alexa Fluor 488
Annexin V/Dead Cell Apoptosis Kit (Thermo Fisher Scientific) was used to measure
cell apoptosis 4h following PDT according to the manufacturer's instructions. Cells
were seeded at a density of 5x 10° cells in 6-cm dishes and incubated for 24h. Cells
were collected and incubated with Sul of the annexin V conjugate and 1pl of the PI
working solution at room temperature for 15 minutes. Intracellular ROS production was
measured 1h following PDT treatment using DCFH-DA (Sigma-Aldrich). Briefly, 10
uM DCFH-DA diluted with PBS were added to cells at 37°C for 20 min. Cells were
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then washed with PBS three times. Labeled cells were trypsinized and analyzed by flow
cytometry. The cells were analyzed on the BD FACS Calibur flow cytometer and BD

Accuri C6 Software (Becton-Dickinson, USA).

4.2.6 Assay of lipid-GVs’ biodistribution in vivo

All procedures using laboratory animals were approved by the Department of
Health, The Government of the Hong Kong Special Administrative Region and the
Hong Kong Polytechnic University Animal Subjects Ethics Sub-committee. Female
athymic nude mice weighing 16-18 g were supplied by the Animal Resource Centre of
The University of Hong Kong. The mice were acclimated to the room for one week
after arrival and were maintained on a normal 12 h light-dark cycle. The mice were
housed in conventional cages (6 animal/cage) with free access to standard pellet diet
and water in specific pathogen-free condition with 24+2°C temperature, 60-70%
relative humidity. Standard wood chips for mice were used as bedding material. After
1 week’s acclamation, 4 x10° squamous cell carcinoma cell line (SCC7) in PBS (80ul)
were injected into the rear dorsal of nude mice by subcutaneous injection. Tumor
formation occurred approximately two weeks after cell implantation and we began

imaging and therapy when tumor volume reached around 300 mm?.

Mice were randomized into three groups: (a) PBS, (b) Free ICG solution, (¢) ICG-
labeled lipid-GVs. The respective solutions were injected into the tail veins of mice.

Fluorescence images were acquired at 0, 5 min, 30 min, 1 h, 2 h after injection using
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IVIS Lumina II (Caliper Life Sciences, USA; Excitation Filter: 780 nm, Emission Filter:
800 nm). Tumors and normal organs (heart, liver, spleen, lung, and kidney) were
collected at different timepoints after injection, and the fluorescent signal intensities of

these organs were determined.

4.2.7 In vivo oxygen delivery and PDT assay.

For tumor oxygenation detection, the oxy- and deoxy-Hb levels in subcutaneous
tumors were monitored through photoacoustic imaging using Vevo LAZR
photoacoustic imager (Fujifilm Visual sonics, Amsterdam, the Netherlands) featuring a
hybrid US transducer (central f=21 MHz; spatial resolution = 75um). For experimental
group, 200ul 5nM lipid-GVs(O2) were injected through tail vein, while mice with the
injection of 200ul PBS(O2) were used as control groups. Oxygen saturation of the
tumors was measured before, during and after GVs treatment for 25min. sO2 levels

were recorded and stored for later comparison between groups.

The effect of lipid-GVs(Oz) on PDT efficiency was evaluated on tumor-bearing
mice models. ALA was administrated at the dose of 60mg/kg through pure topical
injection around the tumor 4h before PDT treatment. The mice were randomly
subdivided into five groups, including (1) control, (2) lipid-GVs(O.) alone, (2) PDT, (3)
PDT+ PBS(0»), (4) PDT+ lipid-GVs(0O.). For the laser irradiation group, tumors were
exposed to laser with a wavelength of 630nm (deeper penetration than 405nm) with the

power of 100 mW/cm? for 20 min. The tumor size and bodyweight of each mouse were
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measured every 3 days following the treatment. The subcutaneous tumor volume was
estimated by the following formula: Tumor volume = largest diameter x smallest
diameter®/2. All mice were sacrificed on day 15 and tumor tissues were collected and
fixed in 4% paraformaldehyde for 24h, processed through conventional histological
techniques and stained with hematoxylin and eosin (H&E). Images were captured by a
Nikon optical microscope (Tokyo, Japan) and analysed using Nikon NIS-Elements
software. =~ For  assessment  of apoptosis in  tumor  sections, terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) was also
carried out with an in situ Cell Death Detection Kit (Roche) following the
manufacturer's protocol. Images were captured using a Nikon fluorescence microscope

(Tokyo, Japan) and analyzed with Nikon NIS-Elements software.

4.2.8 In vitro and in vivo toxicity determination.

For in vitro toxicity determination, two kinds of GVs (with final concentration
InM) were added into the cell culture media for different time point: 24h, 48h, and 72h.
After that, LDH assay was determined using the Pierce LDH Cytotoxicity Assay Kit
(Thermo Fisher Scientific, MA, USA) according to the manufacturer's instructions. Cell
viability and Cell Apoptosis was were also determined by MTT assay (Thermo Fisher
Scientific, MA, USA) and Alexa Fluor 488 Annexin V/Dead Cell Apoptosis Kit
(Thermo Fisher Scientific) respectively according to the manufacturer's instructions.
For in vivo toxicity determination, the body weight, food intake, and daily activity were
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observed before and after the experiments according to the handbook of health
evaluation of experimental laboratory mice[51, 129]. Post-mortem exams were also
performed in mice and tissue samples (liver, lungs, and kidneys) were collected for
histology. The liver, lung, and kidney samples collected from the mouse were also fixed

in 4% Paraformaldehyde solution, processed with H&E staining as mentioned before.

4.2.9 Statistical analyses.

Statistical analysis was performed with GraphPad Prism software. Imagel,
Photoshop CS and Illustrator CS software were used for image processing according to
the general guidelines. Triplicate data were analyzed. Comparisons between two groups
were made by Student’s two-tailed t-test, and comparisons between more than two
groups were made by one-way ANOVA followed by Bonferroni test. All data expressed
as means = SD. P-values <0.05 were considered statistically significant. Asterisks are

used to indicate the significant differences.
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4.3 Results and discussion

4.3.1 Fabrication and Characterization of lipid-GVs

GVs for our study were produced by culturing the algae Anabaena flos-aquae, and
isolating GVs through centrifugation. Since the shells of GVs are permeable to gas
molecules, their oxygen delivery efficiency could be affected. Hence, we prepared GVs
with surface modification using lipids (lipid-GVs) to reduce gas exchange[130, 131]
(Fig.4.2). Native and lipid-GVs showed no major visible differences when in solution
(Fig.4.3A) or in the morphology of individual vesicles as observed by TEM (Fig. 4.3B).
The lipid-GV's were next characterized for particle size distribution and zeta potential.
These nanobubble formulations were found to have a mean diameter of approximately
300-330 nm and a uniform distribution (Figs. 4.3C-D). The average diameters of lipid-
GVs were ~10 nm larger than native GVs, with a lower negative charge (Fig. 4.3E).
The zeta potential of nanoparticles is closely associated with the stability of colloidal
dispersions. Colloids with higher zeta potential (negative or positive, higher than 30)
are electrically stabilized while colloids with lower zeta potential tend to coagulate
easily[81]. The zeta potential of both GVs and lipid-GVs was found to be high enough
to resist aggregation. We also evaluated the stability of the GVs in cold storage (4°C).
The concentration (determined by ODsoo) and size of the two groups were observed
from zero to six months and no significant changes were found in either group (Figs.

4.3F-G). We finally determined GV groups’ stability in acidic PBS (pH 6) and FBS
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respectively. GVs/lipid-GVs (final concentration =1 nM) were added to acidic PBS or
FBS and incubated for 3 and 7 days respectively. Over this period the concentration of
all GV groups was found to decrease slightly but their concentrations always remained
above 80% of the original (Fig. 4.3H). Thus, we were able to produce nanoscale,

negatively charged GVs that were stable in solution through long-term storage.
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Figure 4.2 (A) Molecular structure of DOPC. (B) Schematic overview of the preparation of

lipid-GVs.
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Figure 4.3 Morphology, size distribution, and zeta potential of native GVs and lipid-GVs. (A)
Photographic images of 1nM GVs and lipid-GVs in solution. (B) The TEM image of GVs, showing

their morphology (images are representative). Scale bar represents 100nm. (C) Histogram showing
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the relative size distributions of the two GV groups with the statistics shown in (D). (E) Zeta
potential statistics of two GV groups. (F) GV groups’ stability over 6 months observed by measuring
their concentration. (G) GV groups’ stability over 6 months observed by measuring their size. Data
in (D) - (G) represent the mean =SD from 3 independent experiments. (H) GV groups’ stability in
acidic PBS (pH 6) and neutral FBS was determined by measuring their concentration. Data represent

the mean £SD from 3 independent experiments.

4.3.2 Determination of oxygen release kinetics of lipid-GVs

We next tested the oxygen release kinetics of the groups by their abilities to raise
oxygen concentrations in hypoxic solutions. We found that lipid-GVs(O2) could
increase the oxygen concentration of severely hypoxic solutions significantly compared
to oxygen-filled PBS (Figure 4.4). Compared to native GVs(0O2), lipid-GVs(Oz) showed
a significantly greater ability to elevate the solution’s oxygen concentration. The release
of oxygen by lipid-GVs(0.) into solution was also slower than native GVs(0Oz). We
attribute this to the surface modification of GVs leading to slower oxygen release
kinetics. Moreover, the ability of GVs to release oxygen was found to be concentration-
dependent, with a higher concentration displaying greater ability to raise oxygen
concentration of hypoxic solutions. Thus, compared to native GVs, lipid-GVs showed
slower release patterns and were able to increase the oxygen concentration to a greater

degree.
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Figure 4.4 Determination of oxygen release kinetics of GVs. The oxygen concentration in
5ml severe hypoxic solution after injection of 1ml of GVs(+02)/ lipid-GVs(+02). Data represent

the mean +SD based on 3 independent experiments. *p < 0.05 vs. control. **p < 0.01 vs. control.

4.3.3 In vitro oxygen delivery detection and PDT assay

We next evaluated lipid-GVs’ abilities to modify the hypoxic conditions of cells
in vitro. Human hepatoma cells (HepG2 cell line) were grown in hypoxic conditions
overnight and levels of hypoxia were monitored using Image-iT Red Hypoxia Reagent.
Compared to the untreated control and PBS(O;), the addition of lipid-GVs(Oz)
significantly reduced the observed levels of hypoxia (Figs. 4.5A-B). We next tested
whether lipid-GVs(0O2) could increase the efficacy of PDT under hypoxic conditions. A
schematic illustration of our PDT setup is shown in Figure 4.5C. The impact of adding

lipid-GVs(02) on the cytotoxicity of ALA-PDT, in hypoxic HepG2 cells was
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determined using a CCK-8 assay, 4 hours after PDT treatment. PDT alone decreased
cell viability of HepG2 cells to 85%, while the addition of lipid-GVs(O») significantly
decreased cell viability following PDT to 50% (Fig. 4.5D). We also investigated the
effects of lipid-GVs(O2) on PDT induced cell apoptosis by flow cytometry for
PI/Annexin V. Consistent with the aforementioned results, the addition of lipid-GVs(Oz)
increased the rate of necrosis and apoptosis among cells by nearly 20% following PDT
compared to the PBS(O2) group (Fig. 4.5E). Crucially, lipid-GVs(O) alone had no
effect on cell viability and apoptosis. These data demonstrate that the addition of lipid-
GVs(02) could lead to significantly higher cell death and apoptosis levels of cancer
cells following PDT. Excessive production of ROS is believed to be the mechanism
responsible for the cytotoxicity of tumor cells during PDT. Hence, we further
investigated whether the addition of lipid-GVs(O2) increased the production of
intracellular ROS following PDT. As expected, excessive ROS production was detected
1 hour following PDT in all three PDT treatment groups, but total intracellular ROS

was most significantly increased with the addition of lipid-GVs(0O.) (Figs. 4.5F-G).
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Figure 4.5 Lipid-GVs(O2) mediated oxygen delivery and PDT under hypoxia in vitro. (A)
200ul PBS(02) or lipid-GVs(Oy) (with final concentration 1nM) was added into medium and
cultured with cells in hypoxic condition for 1 hour. Image-iT Red Hypoxia Reagent was used to
detect hypoxia in cultured cells, indicated by red fluorescence. Representative images are shown in
(A) with quantification of hypoxic staining shown in (B). Data represent the mean £SD from on 3
independent experiments. **p < 0.01 vs. control. Scale bar represents 25um. (C) Schematic diagram
of PDT setup. (D) Relative cell viability of HepG2 cells after different treatments by CCK-8 assay.
Data represent mean £SD of 3 independent experiments. **p < 0.01 vs. PBS. (E) Evaluation of cell
apoptosis following different treatments by flow cytometry through Annexin-V and propidium
iodide (PI) double staining. Data represent the mean =SD based on 3 independent experiments. *p
< 0.05 vs. PBS. (F) Intracellular ROS generation stained with DCFHDA and analyzed by flow
cytometry following different treatments. The values are the mean =+ SD of three independent

experiments. **p < 0.01 vs. pbs. Overlapping image of five groups is shown in (G).

4.3.4 In vivo biodistribution and tumor accumulation of lipid-GVs.

To monitor the biodistribution of the lipid-GVs in vivo, we labeled lipid-GV's with
indocyanine green (ICG), a near infra-red (NIR) fluorophore. ICG-labeled lipid-GVs
showed an absorption peak around 800nm, indicating the successful incorporation of
ICG into lipid-GVs (Figure 4.6A). Fluorescent imaging of both ICG and ICG-labeled
lipid-GVs showed strong fluorescence, indicating the incorporation of ICG into lipid-
GVs had minimal effects on ICG’s fluorescent properties (Figure 4.6B). For in vivo
real-time NIRF imaging, tumor-bearing nude mice were monitored for 2 hours after
systemic administration of 200 ul PBS, free ICG (20 pg) and 5 nM ICG-labeled lipid-

GVs (containing 20 ug 1ICG) respectively. Both free ICG and ICG-labelled lipid-GVs
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showed significant fluorescence in the vital organs (liver, lungs, spleen, etc.) within one
hour and decreased over time (Figure 4.6C). The ICG signal in the tumor peaked at half
an hour after injection, indicating rapid tumor clearance, whereas the tumor
fluorescence in the ICG-labelled lipid-GVs group was detectable from 5 min to 2 h after
injection (Figures 4.6D and F). Closer examination of the fluorescence signals from
major organs of both groups showed high fluorescence intensity occurred mainly in the
liver and kidney within two hours and decreased over time (Figures 4.6E, G and
H).Thus, lipid-GVs were able to be retained in tumors for at least 2 hours post-injection,

which would be a long enough period for oxygen delivery.
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fluorescent images of ICG and ICG labeled lipid-GVs (Ex. 780 nm, Em. 845 nm). (C) In vivo NIR
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fluorescent imaging of tumor-bearing nude mice at different time after intravenous injection of free
ICG and ICG labeled lipid-GVs respectively. Ex vivo fluorescence imaging of tumors and vital
organs from tumor-bearing nude mice after different timepoints post-injection of ICG and ICG-
labeled lipid-GVs respectively. Representative images were shown in (D) and (E) respectively.
Quantitative analysis is shown in (F), (G) and (H) respectively. Data represent the mean £SD (n =

4).

4.3.5 In vivo oxygen delivery detection and PDT assay of lipid-GVs.

Lipid-GVs’ abilities to modify the hypoxic conditions of tumor masses in vivo
were evaluated. An in vivo proof-of-concept experiment was also performed to
determine the ability of lipid-GVs(O2) to elevate hypoxic subcutaneous tumor
oxygenation levels in nude mice. Tumor oxygenation was monitored by visualizing the
levels of oxy-Hemoglobin (oxy-Hb) and deoxy-Hemoglobin (deoxy-Hb) through
photoacoustic imaging before and after the treatment (0, 5, 15, and 25 minutes). Tail-
vein injection of lipid-GVs(O) resulted in elevated sO; in the tumors and sO; peaked
15 minutes following injection and then decreased gradually, but not with the PBS(O>)
controls (Fig. 4.7A-B). Thus, we found that the lipid-GVs filled with O, were

successfully able to raise oxygen levels in subcutaneous tumors.

The effects of lipid-GVs(0O2) on ALA-mediated PDT in vivo was then evaluated.
Treatments were begun when subcutaneous tumor volume reached 300mm?. 200ul
lipid-GVs(0O2) were intravenous injected into mice 15 minutes before laser irradiation.

Tumor volumes and body weight were measured every three days after various
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treatments. Rapid and continuous growth of tumor was observed in both control group
and lipid-GVs(0Oz) alone group for the following 15 days with the volume of tumors
reaching nearly 1500mm? at the end of the experiments on the 15th day (Fig. 4.7C). For
PDT treatment groups, all three groups exhibited effective tumor growth inhibition
efficacy compared to control group and lipid-GVs(O,) alone group. Tumors were found
to shrink significantly in the early three days following PDT treatment and to regrow
slowly by the end of test period. However, even compared to all the groups with PDT,
lipid-GVs(0O2) showed significantly greater tumor growth inhibition, being the lowest
of all five tested groups. Crucially, PDT plus PBS(O2) treatment showed negligible
effects compared to PDT alone, again indicating the important ability of lipid-GVs to
successfully carry and to deliver O to the tumor site. The body weights of mice were
also recorded during the experiments to assess the systematic toxicity of the treatment,
and no significant change was detected among the five groups (Figure 4.7D). However,
a gradual increase in body weight was seen in the control group and lipid-GVs(0O»)
alone group, which may have been caused by rapid tumor growth. To further confirm
the role of lipid-GVs(0O2) in improving the therapeutic efficacy of PDT, H&E staining
and TUNEL assay of tumor slices were obtained. Compared to control group and lipid-
GVs(02) alone group, which showed normal morphology, H&E staining in PDT, PDT
+PBS(0.) and PDT+lipid-GVs(O2) groups revealed severe damage, with PDT+lipid-
GVs(0») group showing the most significant toxicity effects (Figure 4.7E). Similarly,

a TUNEL assay revealed much higher levels of apoptosis in PDT+lipid-GVs(Oz) than
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in the PDT and PDT+PBS(0) groups, with almost no apoptosis in control and lipid-
GVs(02) alone groups (Figure 4.7F). Taken together, these results demonstrate the
efficacy of lipid-GVs(Oz) to enhance PDT outcomes. These data also highlight that
while PDT+PBS(O2) showed some effects in vitro, it much less effective than
PDT+lipid-GVs(0O») in vivo, emphasizing lipid-GVs’ capability to successfully deliver

O: to the tumor site after systemic injection.
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lipid-GVs(O2). Red pixels: oxy-Hb; blue pixels: deoxy-Hb. (B) Quantification of tumor oxygen
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levels. Data represent the mean =SD based on 4 independent experiments. *p < 0.05 vs. control.
(C) Effects of lipid-GVs(Oz) on in vivo PDT were determined. Tumor growth curves of SCC7
tumor-bearing mice with different treatment groups. n = 5 mice per group, *p < 0.05 significance
level. (D) Body weight of SCC7 tumor-bearing mice after various treatments. (E) Representative
histological images of H&E stained tumor slices collected from different groups. Scale bar
represents 200 pm. (F) Representative images of TUNEL assay of tumor slices collected from

different groups. Scale bar represents 200 um.

4.3.6 In vitro and in vivo toxicity detection.

Finally, we tested the toxicity and biosafety of both GVs and lipid-GVs. We used
the LDH, MTT and apoptosis assays in vitro for this purpose and found that both GVs
and lipid-GVs triggered no cytotoxicity on cells. GVs/lipid-GVs (final concentration=1
nM) were added to the culture medium and incubate for 24, 48 or 72 hours. No
significant elevation in LDH, formazan levels, Annexin V or PI signal was observed at
any time point, compared to the control (Figs. 4.8A-C). We next tested the biosafety of
GVs/lipid-GVs in vivo by observing three basic measures of mouse health (activity,
weight and food intake) before the administration of GVs/lipid-GVs, and 24, 48 and 72
hours after administration of GVs/Lipid-GVs. Scoring the mice on a 30-point scale, we
observed no decrease in these indicators over the time period (Fig. 4.8D). We also
assayed the mice’s major organs (heart, liver, spleen, lungs, and kidneys) one week after
GVs/lipid-GVs’ administration using hematoxylin and eosin (H&E) staining (Fig.
4.8E). Tissue slices from both GVs’ and lipid-GVs’ groups presented no significant

pathological abnormalities or lesions compared to the control group. We thus
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determined that both GVs and lipid-GVs alone were not cytotoxic to cells and did not

cause any significant damage to the mice in which they were tested.
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Figure 4.8. Toxicity of GVs/ lipid-GVs both in vitro and in vivo. (A-B) 200 ul GVs/ lipid-
GVs (final concentration 1 nM) were added into media the media incubated with HepG2 cells for

multiple days. Cell proliferation and LDH toxicity of HepG2 cells were measured by MTT and LDH
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assay at the time points indicated. Data represent the mean = SD based on 3 independent
experiments. (C) Apoptosis in HepG2 cells were measured by Annexin V and Pl assay at the various
time points indicated. Data represent the mean £SD based on 3 independent experiments. (D) The
overall scores of mice indicating their observed health condition. Mice were scored on a 30-point
scale comprising 10 points each for activity, weight, food intake. The assessment was performed
before, immediately after, 24 hours, 48 hours and one week after injection (N =5, #SD). (E)
Histological images of major organs with H&E staining collected from mice treated with GVs/ lipid-

GVs on day 7. Scale bar represents 100um.
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4.4 Conclusion

In the present study, we present a novel use of gas vesicles as promising oxygen
nanocarrier to alleviate tumor hypoxia. As a type of physically stable nanostructure,
GVs kept very well in long-term storage in cooling conditions. Preliminary in vitro
results showed lipid-GVs(0O2) could change the hypoxic condition of cell culture when
added to the medium. This indicates that lipid-GVs can carry enough oxygen to
significantly affect cell culture. Biodistribution of GVs after tail injection of
immunodeficient (SCID) nude mice determined by Shapiro et al showed that native
GVs begin to accumulate in the liver after approximately 50 seconds and will be
degraded by the liver like other protein nanostructures within 60min[51]. Our
preliminary in vivo results also showed the ability of lipid-GVs(O2) to elevate
oxygenation levels in hypoxic tumors in vivo Smin after tail injection, indicating that
the GVs were both stable enough to survive the circulation to the tumor site and that
they were able to deliver a significant amount of oxygen. This demonstrated that such
surface engineering could be a good way to elevate the in vivo efficiency of this method
by improving and optimizing the rate of oxygen release by lipid-GVs. The results of
PDT assay both in vitro and in vivo showed that the addition of lipid-GVs(O) could
enhance the photodynamic effect in hypoxic environments. Toxicity studies both in
vitro and in vivo showed GVs to be well tolerated. Compared to other organic or

inorganic materials that could lead to certain levels of adverse effects, the initial
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biocompatibility of GVs was seen to be good and safe for mice. The observed long-
term storage in cooling conditions, good oxygen-loading and release capabilities, and
no acute toxicities makes GVs unique among other oxygen carriers. Thus, our approach
provided a new choice for oxygen delivery to tumor sites for PDT as well as other

oxygen-consuming tumor therapies.
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CHAPTER 5 Conclusions and future work

In the above studies, we have focused on the interface between GVs and focused
ultrasound and described the application of GVs on ultrasound molecular imaging and
tumor therapy. As a nanosized contrast agent, GVs are very special compared with other
synthesized nanobubbles. Not only due to their innate stability which makes them long-
time stable gas bubbles but also because of their gene editability. GVs are biogenic
structures that are encoded by 8-14 genes which include the structural protein GvpA,
the external protein GvpC and several secondary proteins. For one side, genetic
encodability makes it possible to change GVs at gene level as well as protein level. On
the other side, gas vesicle gene clusters could be expressed in mammalian cells which
pave the way for broader application of GVs such as serving as ultrasound reporter
genes. All these properties confer GVs a unique role in the further application for cancer

therapy.

As a kind of gas bubble, GVs are good contrast agents for ultrasound imaging.
However, their application was limited when they were intravenously injected in mice
for that they would be quickly cleared by the reticuloendothelial system in vivo. Thus,
in our study, in order to explore GVs’ application in ultrasound imaging and tumor
therapy, our first aim is to confer GVs the ability to escape the clearance from RES and
to target and accumulate smoothly in the tumor site. Our study confirmed that our GVs

showed good biocompatibility and ability to escape RES uptake in vivo after surface
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modification. Besides, PH-GVs have prolonged blood circulation and could selectively
accumulate at the tumor site which showed the improved tumor targeting effects of PH-
GVs. More importantly, PH-GVs showed good ultrasound imaging properties in the
tumor site. All these improvements make GVs to truly fulfill their potential as a high-
performance nanoscale molecular reporter for ultrasound imaging for CD44-positive

tumor therapy.

Since GVs could accumulate in the tumor site, we further explored their
application in tumor therapy. we detected the role of GVs based nanoplatform for
enhanced sonodynamic therapy of cancer cells. The results showed GVs could facilitate
the nucleation of cavitation as well as enhance the production of ROS during SDT. The
effects of GVs to increase the inhibition effects of SDT on tumor growth were also
demonstrated. Thus, GVs could function as both imaging and therapeutic agents for
imaging-guided targeted cancer therapy.

Efforts were also made to develop gas vesicles as oxygen nanocarrier to alleviate
tumor hypoxia. Lipid-GVs were made and the ability of lipid-GVs(Oz) to elevate
oxygenation levels in tumors in vivo was demonstrated. The amount of oxygen that
lipid-GVs(0O») carried were large enough to enhance the toxicity of PDT assay both in
vitro and in vivo. Thus, the ability of GVs to serve as imaging as well as therapeutic
agents makes GVs huge potential in theranostics in which ultrasound could be used to
guide and control the therapy activity.

Toxicity studies both in vitro and in vivo also showed GVs to be well tolerated.
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Compared to other organic or inorganic materials that could lead to certain levels of
adverse effects, the initial biocompatibility of GVs was seen to be good and safe for
mice. However, further work is still needed to confirm whether they could induce
allergic or immunologic reactions during repeat transfusions or whether they could
induce potential long term immunotoxicity. Crucially, even where any of these to
emerge as issues in further testing, the possibility of alleviating or eliminating these
effects through surface modification would give GVs an even greater chance of being
successful.

Further study will focus on the combination of GVs’ imaging and therapy.
Besides being mere oxygen carriers, the shells of GVs are readily linkable with various
anti-tumor drugs, GVs have the potential to be an effective carrier for both oxygen and
drug delivery into tumor sites with potentially long circulation time and high efficacy.
Furthermore, development of GVs with higher resolution for molecular ultrasound
imaging is also an important target. Thus, GVs is a versatile entity that could be used
to combine multiple aspects of cancer therapy, potentially achieving the aim of
ultrasound-guided oxygen delivery and therapy. Such approaches could help to pave
the way for the era of better-targeted cancer therapies with reduced side-effects and

greater efficacies.
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severe hypoxic solution after injection of 1ml of GVs(+02)/ lipid-GVs(+02). Data represent
the mean £ SD based on 3 independent experiments. *p < 0.05 vs. control. **p < 0.01 vs.
(070 1 (o] 1TSS 78

Figure 4.5 Lipid-GVs(O) mediated oxygen delivery and PDT under hypoxia in vitro. (A) 200ul
PBS(0O) or lipid-GVs(O2) (with final concentration 1nM) was added into medium and cultured
with cells in hypoxic condition for 1 hour. Image-iT Red Hypoxia Reagent was used to detect
hypoxia in cultured cells, indicated by red fluorescence. Representative images are shown in
(A) with quantification of hypoxic staining shown in (B). Data represent the mean =SD from
on 3 independent experiments. **p < (.01 vs. control. Scale bar represents 25um. (C) Schematic
diagram of PDT setup. (D) Relative cell viability of HepG2 cells after different treatments by
CCK-8 assay. Data represent mean xSD of 3 independent experiments. **p < 0.01 vs. PBS.
(E) Evaluation of cell apoptosis following different treatments by flow cytometry through
Annexin-V and propidium iodide (PI) double staining. Data represent the mean £SD based on
3 independent experiments. *p < 0.05 vs. PBS. (F) Intracellular ROS generation stained with
DCFHDA and analyzed by flow cytometry following different treatments. The values are the
mean £SD of three independent experiments. **p < 0.01 vs. pbs. Overlapping image of five

groups iS SNOWN TN (G). .ecueiiececie ettt s e s be s et e be e b e sbeeteenbesaeeneesre e 81

Figure 4.6 In vivo biodistribution of ICG labeled lipid-GVs. (A) Absorbance spectra of native
GVs, ICG, ICG labeled lipid-GVs in phosphate buffered saline (PBS). (B) Photographic and
fluorescent images of ICG and ICG labeled lipid-GVs (Ex. 780 nm, Em. 845 nm). (C) In vivo
NIR fluorescent imaging of tumor-bearing nude mice at different time after intravenous
injection of free ICG and ICG labeled lipid-GVs respectively. Ex vivo fluorescence imaging of
tumors and vital organs from tumor-bearing nude mice after different timepoints post-injection
of ICG and ICG-labeled lipid-GVs respectively. Representative images were shown in (D) and
(E) respectively. Quantitative analysis is shown in (F), (G) and (H) respectively. Data represent
the MEAN ZESD (N T 4). ettt 83

Figure 4.7 Lipid-GVs(O2) mediated oxygen delivery and PDT in vivo. (A) Representative
photoacoustic images of tumor oxygen levels (Oxy-Hb and deoxy-Hb levels) from in vivo
tumor-bearing mice at different time points by tail vein injection of 200ul of saline, PBS(O,),
and 5nM lipid-GVs(0,). Red pixels: oxy-Hb; blue pixels: deoxy-Hb. (B) Quantification of
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tumor oxygen levels. Data represent the mean £SD based on 4 independent experiments. *p <
0.05 vs. control. (C) Effects of lipid-GVs(O;) on in vivo PDT were determined. Tumor growth
curves of SCC7 tumor-bearing mice with different treatment groups. n = 5 mice per group, *p
< 0.05 significance level. (D) Body weight of SCC7 tumor-bearing mice after various
treatments. (E) Representative histological images of H&E stained tumor slices collected from
different groups. Scale bar represents 200 um. (F) Representative images of TUNEL assay of

tumor slices collected from different groups. Scale bar represents 200 pm. ..........cccocveveiennens 87

Figure 4.8. Toxicity of GVs/ lipid-GVs both in vitro and in vivo. (A-B) 200 ul GVs/ lipid-GVs
(final concentration 1 nM) were added into media the media incubated with HepG2 cells for
multiple days. Cell proliferation and LDH toxicity of HepG2 cells were measured by MTT and
LDH assay at the time points indicated. Data represent the mean £SD based on 3 independent
experiments. (C) Apoptosis in HepG2 cells were measured by Annexin V and Pl assay at the
various time points indicated. Data represent the mean =+ SD based on 3 independent
experiments. (D) The overall scores of mice indicating their observed health condition. Mice
were scored on a 30-point scale comprising 10 points each for activity, weight, food intake. The
assessment was performed before, immediately after, 24 hours, 48 hours and one week after
injection (N =5, #5D). (E) Histological images of major organs with H&E staining collected
from mice treated with GVs/ lipid-GVs on day 7. Scale bar represents 100pm. ............cc...... 89
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