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[ABSTRACT]

A non-invasive and specific targeting for cancer therapy is a necessity to manifest in
order to minimize the harmful effect on the non-malignant cells. During the past century,
photodynamic therapy (PDT) has been actively developed as a non-invasive approach to
effectively eradicate the cancer cells with minimal effect on healthy cells. The PDT effect is
derived from an energy transfer reaction between light as a source of energy to molecular
oxygen, mediated by a light-activated molecule, known as the photosensitizer. The dynamic
interaction among these three major components in PDT produces a lethal level of reactive
oxygen species (ROS), mainly singlet oxygen. The selectivity of this therapy could be achieved
by the specific accumulation of the non-toxic photosensitizer in the tumor region, accompanied
by the precise delivery of light in the corresponding area. The singlet oxygen has a highly
reactive characteristic that can readily react with several vital molecules in the biological
system, resulting in the molecule dysfunction. This interaction may also lead to irreversible
oxidative damage and further provoke a lethal effect for the cells. However, the harmful effects
of singlet oxygen are restricted by their short lifetime and inadequate diffusion capacity.
Therefore, the specific delivery of photosensitizer, mainly in organelle-level, could be a
promising strategy to obtain the maximum benefits of this therapy. Moreover, as the important
organelle that holds both the vital and lethal functions, mitochondria are identified to be an
attractive target for optimizing the PDT outcomes.

In the current condition, the existing photosensitizers often manifest disadvantageous
features for a practical PDT application. One of them is a non-specific accumulation either in
the cellular or at the subcellular level. The other drawback is the inadequate ability of most
photosensitizers in absorbing near-infrared (NIR) light. The application of NIR light in PDT,
especially in the optical window of biological tissues, is profoundly beneficial because NIR
light has an excellent penetration ability toward tissue consisting of water and biomolecules.
These problems restrict the use of such compounds in clinical applications. Therefore, the
development of a novel PDT system that can fulfill the requirements of the selective organelle
accumulation in combination with the long-wavelength light activation is inevitable.

The main objective of this research was to construct a novel mitochondrial targeting PDT
system with the long-wavelength light activation process. To realize that goal, a synergistic

combination between a n-extended porphyrin-type photosensitizer, namely rTPA, and a MITO-



Porter system, a versatile mitochondrial targeting liposomal-based nanodevice, was introduced.
The incorporation of the rTPA compound into the MITO-Porter system was accomplished
using the hydration method with the resulting particle showed a homogenous distribution with
a diameter of 157 £ 7 nm and highly positive zeta potentials of 32 + 3 mV. This novel
mitochondrial targeting PDT system, namely the rTPA-MITO-Porter, manifested a robust
capacity in producing a high level of singlet oxygen, specifically in the mitochondrial
compartment of tumors, during a 700-nm light irradiation process. Based on the cellular uptake
and intracellular observation results, most of the rTPA-MITO-Porter particles were efficiently
internalized into the cells and concentrated in the mitochondrial compartment of tumors.
Furthermore, this system displayed an efficient cytotoxicity profile against two types of human
tumor cell lines, namely HelLa cells (human cervical cancer cells) and SAS cells (human
squamous cells carcinoma of the tongue), as indicated by the low ECsgvalue of 0.16 = 0.02 uM
and 0.41 + 0.18 uM, respectively. Additionally, the apoptosis pathway was actively induced
during the PDT process of the rTPA-MITO-Porter, as shown by the formation of apoptotic
bodies and fragmentation of mitochondrial structure.

Inspired by the excellent cell killing ability during the in vitro experiments, the translation
process into the in vivo applications has further proceeded. A slight modification on the rTPA-
MITO-Porter formulation, particularly on the helper lipid composition and the total lipids’
concentration, was made without altering the mitochondrial targeting ability and the photo-
induced cytotoxic capacity. The remarkable inhibition of the tumor growth was obtained in the
SAS cells-bearing mouse model after a single PDT treatment of the rTPA-MITO-Porter with
the rTPA dose of 8.2 pg/mouse via intratumoral administration. There was also no significant
alteration on the bodyweight of the mice during the treatment, implying the promising in vivo
cell-killing ability of this system with a high safety profile. Furthermore, the depolarization on
the mitochondrial membrane was observed after the PDT process of the rTPA-MITO-Porter,
indicating the damage of mitochondrial membrane due to the specific localization of the
photochemical reaction on the mitochondrial compartment of tumors. Finally, the findings
presented in this research serve to verify the considerable functions of the MITO-Porter system
as the mitochondrial selective drug delivery technology in potentiating the PDT outcomes as
well as the importance of mitochondria as the predominant subcellular target for PDT.
Moreover, this novel biologically-active nanomaterial manifests an encouraging feature for

PDT applications, particularly for the superficial-type cancer cells.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 General Introduction

As the primary energy factories for the cells, mitochondria play an indispensable role in
the synthesis process of the energy-rich molecule adenosine triphosphate (ATP). The synthesis
process of ATP is mainly located in the cristae of the inner mitochondria membrane (IMM),
acknowledged as oxidative phosphorylation. This process comprises the movement of the
electrons through several protein complexes subsequently with the proton motive across the
IMM to the intermembrane space (IMS). During this electron transport process, a small number
of electrons could escape and react immaturely with the oxygen molecules to form the reactive
oxygen species (ROS), specifically superoxide (02™), which rapidly transformed into hydrogen
peroxide (H202) by superoxide dismutase. Basically, cells are equipped by a defense
mechanism system to control the amount of ROS below the concentration that could harm the
cells. At a certain level, ROS play an important role in the intracellular signaling pathways to
regulate several biological and physiological processes (1). However, moderately increment of
ROS level causes genetic instability, which may promote the transformation and progression
of cancers (2). Furthermore, due to the highly reactive characteristic of ROS, the uncontrolled
production of ROS may induce an irreversible oxidative damage and further produce lethal
effects for the cells (3).

The current report suggested that the mitochondrial ROS play a significant role in the
cell signaling process that controls cell proliferation via the regulation of mitogen-activated
protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway (4). Interestingly,
the increment of the ROS level in malignant cells is accompanied by the expansion of the
scavenging activity of the endogenous antioxidant systems. Glutathione (GSH), an endogenous
tripeptide (glutamate, cysteine, and glycine) antioxidant, was discovered in the higher level in
some cancer cells as opposed to the non-malignant tissues, as well as another antioxidant
system, specifically thioredoxin (5,6). The increase in antioxidant activity is associated with
cancer initiation and progression. Therefore, the inhibition of this antioxidant activity was
observed to be beneficial to overcome tumor progression and metastasis (7—9). Furthermore,
the antioxidant supplementation could further accelerate the progression and metastasis of

several cancer cells (10-12).



ROS possess a highly reactive characteristic, particularly with numerous major
biologically active molecules such as proteins, lipids, and nucleic acids, following in the
dysfunction of the molecules. This intrinsic and harmful nature of ROS could be exploited as
a powerful weapon for cancer therapy by promoting the massive production of ROS selectively
in tumor cells. Several methods have been developed to elevate the production of ROS in
cancers, such as depleting the antioxidant activity (13,14), inhibiting the mitochondrial
respiratory system (15), and generating an excessive amount of ROS via photochemical
reaction, specifically photodynamic therapy (PDT). The latter effort exhibits a highly
spatiotemporal selectivity towards tumor cells, making it more encouraging contrasted to the
other efforts.

By definition, PDT is an innovative approach for treating solid tumors using a
combination of a non-toxic light-activated molecule (photosensitizer) and a harmless visible
light in the presence of oxygen molecules to produce a lethal level of ROS (16,17). PDT was
first introduced by Oscar Raab in the early of the 1900s. He accidentally recognized the notable
toxic effect of the combination of acridine and light toward paramecium. Furthermore, the first
endeavor regarding the application of PDT for cancer therapy was initiated by Herman von
Tappeiner, who took over Raab’s work to treat skin tumors using the white light irradiation of
topically-administered eosin (17,18). Since the approval of the first photosensitizer for cancer
PDT at the end of the 20" century under the brand name of Photofrin®, the PDT grows as an
active research field due to the encouraging features of PDT, particularly the highly selective
effect on the tumors through the dual selectivity concept (19). Several photosensitizers have
been approved for clinical application (Table 1.1), while others are currently in the clinical

trial.



Table 1.1 Clinically approved photosensitizer

Excitation
Trade
Photosensitizer wavelength ~ Manufacture Application
name
(nm)
Porfimer sodium Photofrin® 630 Axcan Oesophageal,
Pharma, endobronchial, brain,
Canada cervical, bladder, gastric,
lung tumors
5-aminolevulinic Levulan®, 635 DUSA, USA  Actinic keratosis, basal-
acid (5-ALA) Ameluz® cell carcinoma, head and
neck, bladder tumors
5-ALA- Metvix® 570-670 Galderma, UK  Non-hyperkeratotic actinic
methylester keratosis, basal cell
carcinoma
Temoporfin Foscan® 652 Biolitec, Advanced head and neck
Germany cancer
Verteporfin Visudyne® 690 Novartis, Basal-cell carcinoma, age-
Switzerland  related macular
degeneration
Talaporfin Laserphyrin® 664 Meiji Seika,  Glioma, lung, oesophageal
Japan cancer
Padeliporfin Tookad® 753 Steba Biotech, Prostate cancer
Luxembourg

*References: (20,21)

The PDT effect is resulted from the dynamic interaction between photosensitizer, light,
and oxygen molecule, leading to the production of the harmful level of ROS (Figure 1-1). In
brief, the photosensitizer harvests the photon energy from the specific wavelength of light and
utilize the energy to excite one electron into the higher energy level of the excited singlet state
(S1). Naturally, the molecule tends to go back into the most stable state of ground singlet state
(So) and emit some energy in the form of light (fluorescence) or thermal (internal conversion).
Alternatively, the exciting photosensitizer may undergo the intersystem crossing to the more
stable triplet state (T1). In this state, the photosensitizer could interact with the surrounding
substrates and transfer the electron to produce superoxide followed by the generation of

peroxide and hydroxyl radicals. This reaction is known as a Type 1 or electron transfer reaction.



Another possibility, which is the most common mechanism in cancer PDT, is the Type 2 or
energy transfer reaction, where the photosensitizer immediately transfers the energy into the
molecular oxygen (302) to form the highly reactive singlet oxygen (19,22,23). The specific
location of the photochemical reaction may significantly affect the therapeutic outcomes of
PDT. Itis due to the nature of singlet oxygen that has a very short lifetime (~48 ns) and limited

diffusion capacity (~20 nm) (24).
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Figure 1-1 Conceptual illustration of mechanism during the photodynamic process. Photosensitizer
plays an essential role as an energy mediator to carry the photon energy from light to the molecular
oxygen through the intersystem crossing process. The excessive energy is utilized by the oxygen to

produce a reactive species that could readily react with several important biological molecules.

Photosensitizer plays an essential function during the PDT process as an energy mediator
between the light source and oxygen molecule. The ideal photosensitizer should meet some
criteria as follows: (1) a pure and stable substance which only has the cytotoxic characteristic
in the presence of suitable wavelength of light; (2) accumulate dominantly in the target tissue
either in cellular or subcellular level and have low systemic toxicity; (3) have a high quantum
yield for photochemical event, usually for the production of singlet oxygen; and (4) have a high
extinction coefficient at the absorption wavelength around 600-850 nm to obtain the maximum
tissue penetration capacity with minimum light scattering effect (25,26). However, in the
current state, it is challenging to find single photosensitizer that meets the requirements
mentioned above. Therefore, the development of a novel PDT system is needed to potentiate

the therapeutic benefits and to minimize the adverse effects.
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Over the last several decades, mitochondria have drawn much attention in cancer therapy
due to their fundamental role as the key player on the programmed cell death (apoptosis) and
as the bioenergetic engine to support the cell activities, especially on the high energy-demanded
malignant cells. Mitochondria are also known to be the primary source of ROS (27),
particularly during the oxidative phosphorylation process. Moreover, mitochondria are the
most active oxygen consumer among the other organelles (28), as the primary fuel for the
aerobic respiration to support their fundamental role as the primary energy factory for the cells.
All the facts mentioned above concerning the importance role of mitochondria suggest that
these rod-shaped organelles can be acknowledged as the potential target for PDT.

To date, several investigations have been reported regarding the significance of
mitochondria targeting in the PDT field. For instance, the mitochondria delivery of chlorin e6,
a widely used photosensitizer, resulted in higher effectivity for cancer therapy as opposed to
the non-mitochondrial targeting system (29). It was also reported that the specific delivery of
verteporfin, an FDA-approved photosensitizer, into the mitochondria of human KB cells led to
the activation of the apoptotic pathway (30), a more desirable for the cancer therapy due to the
negligible inflammation effects, which would lessen the side effects for healthy cells. Moreover,
the mitochondrial accumulation of iridium (I1l) advanced the PDT outcome in the hypoxic
condition (31). However, most of the recent reports on the mitochondrial targeting PDT are
based on the chemical conjugation of the existing photosensitizers with the mitochondria-
specific ligand, which may diminish the light-harvesting ability of the parent compound.
Moreover, some of the reported mitochondrial targeting PDT systems required a short
wavelength of light in combination with high light dose to activate the photosensitizer, which
is not favored for the clinical application.

It is well known that mitochondria possess the highest membrane potential among the
other organelles in a cell and that it readily interacts with the cations. According to the Nernst
equation, the mitochondrial membrane potential of living cells could promote the uptake of the
cations, resulting in a 100-1000 fold higher concentration compared to the cytoplasm (32).
This characteristic has been exploited to deliver various compounds into mitochondria through
electrostatic interactions with the positive charge carrier or molecule. Nevertheless, an
electrostatic interaction is not adequate to realize an efficient delivery into mitochondria. The
lipid composition or lipophilicity of the molecule should also be considered as an indispensable
factor in intensifying mitochondrial accumulation to promote infiltration into the mitochondrial

membrane.



Our group previously reported on the development of a unique mitochondrial targeting
liposomal-based nanodevice called a MITO-Porter system (33,34). The nanocarrier was
composed of mitochondrial fusogenic lipid of dioleoyl-sn-glycero-3-
phosphatidylethanolamine (DOPE) and sphingomyelin (SM) with the cell-penetrating peptide
of octaarginine (R8) on the exterior of the liposomes. The R8 surface modification has two
specific functions, to stimulate the cellular uptake process via macropinocytosis (35) and to
force the interaction with the mitochondria membrane through electrostatic interactions
(33,34,36). The MITO-Porter system has been employed to deliver a wide range of molecules,
ranging from hydrophilic to hydrophobic compounds, selectively into the mitochondrial
compartment of living cells for several targeting purposes. It has also been used to deliver an
electron donor-acceptor linked molecule consisting of a porphyrin core into mitochondria of
HeLa cells to control the intracellular redox reaction with the photoactivation process at 430-
440 nm (37). These findings indicate the promising capacity of the MITO-Porter system as the
most potential mitochondria selective drug delivery system to be employed in the PDT
applications.

Porphyrin is the most popular class of photosensitizers that have been extensively used
in the clinical application due to their excellent ability to induce the formation of singlet oxygen
through the photoirradiation process. However, the porphyrin compounds exhibit poor ability
in harvesting long-wavelength light, resulting in the limitation on the application of this
compound (38). In this research, | introduced a new generation of porphyrin-type
photosensitizers, namely rTPA, as a potential candidate to be incorporated into the MITO-
Porter system. The rTPA is an original compound, synthesized by Yuta Takano, Ph.D., an
associate professor at Research Institute for Electronic Science, Hokkaido University. This
compound was developed through the m-electron conjugation of the porphyrin structure using
two triarylamine moieties to reconstruct the photophysical properties of the porphyrin structure
(Figure 1-2).



Figure 1-2 Chemical structure of rTPA compound. This compound consists of metallated-porphyrin

core with the m-electron conjugation using two triarylamine moieties.

The effectivity of this m-elongation can be observed through the presence of the sharp
absorption peak at near-infrared (NIR) region (absorptivity molar (g) = 6.2 x 10* M cm? at
704 nm in DMSO), while no absorption band was recognized in the case of basic porphyrin
compound (Figure 1-3). The ability of rTPA in harvesting long-wavelength light is an
advantage in the PDT application to have a better penetration ability toward tissues containing
water and biomolecules. The specific delivery of this new generation of porphyrin compound
into the mitochondrial compartment of tumors could be a promising approach to have the full
potential of this compound. Therefore, the MITO-Porter system was employed in carrying and
directing this compound selective into the mitochondrial compartment of tumors. Moreover,
by encapsulating the rTPA into the MITO-Porter system, this compound could be dispersed in
the monomeric phase on the aqueous solution, which is essential for the effective

photochemical reaction.
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Figure 1-3 Absorption spectra of rTPA and basic porphyrin compound. The rTPA compound shows
a significant red-shift compared to the basic porphyrin compound, as a result of the m-electron

conjugation on the porphyrin structure.

1.2 Research Objectives

The main objective of this research was to construct a novel mitochondrial targeting PDT
system with the long-wavelength light activation process. A synergistic combination strategy
between a newly synthesized photosensitizer and a liposomal-based nanocarrier was
introduced to achieve this objective, as shown in Figure 1-4. This system was composed of a
n-extended porphyrin-type photosensitizer, rTPA, which has an excellent ability to induce the
production of a high-level of singlet oxygen during 700-nm light irradiation process in
combination with a versatile mitochondrial targeting nanodevice, namely MITO-Porter system.
A series of in vitro experiments were conducted to validate the PDT concept and effectivity of
this system. Furthermore, the potential application of this system was verified in the human

cancer-bearing mouse model.
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Figure 1-4 Schematic illustration of the research strategy. The mitochondrial delivery of rTPA
compound could be achieved by the incorporation into the MITO-Porter system (rTPA-MITO-
Porter). The rTPA-MITO-Porter could be taken up by the cells via macropinocytosis followed by
electrostatic interaction and membrane fusion process with negatively charged mitochondria
membrane. The 700-nm light activates the rTPA; then the activated rTPA interacts with the
molecular oxygen to generate a toxic level of singlet oxygen, leading to the irreversible oxidative
damage which may induce the apoptosis cell death. In the free form, the rTPA tends to form
aggregate, particularly in the aqueous solution, due to the highly hydrophobic characteristics of this

compound, resulting in the loss of PDT effectivity.
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1.3 OQutline of Dissertation Book

This dissertation book is divided into four chapters. Chapter 1 provides a comprehensive
introduction as the background of this research. The classical problems of conventional PDT
system are discussed in this chapter, particularly regarding the non-specific accumulation
profile of the existing PDT systems followed by inadequate capacity of the majority of
photosensitizers in absorbing long-wavelength photon energy. A synergistic combination
approach is proposed as a promising strategy to improve the PDT therapeutic outcomes, by
employing a new generation of the porphyrin-type photosensitizer with the versatile
mitochondria targeting drug delivery system.

The construction process of the novel mitochondrial targeting PDT system and the
characterization of the particles are reported in Chapter 2. This characterization consists of the
physical characteristics and biological behavior, including the photophysical properties of the
particles. At the end of this chapter, the PDT effectivity is reported by evaluating the cell-
killing ability during the PDT process and validating the cell death mechanism.

In Chapter 3, the translation process from the in vitro settings to the in vivo application
is reported. Slightly modification on the rTPA-MITO-Porter formulation was made by
changing the helper lipid composition and increasing the total lipids’ concentration. The
purpose of this formulation design is to obtain adequate particle integrity with a suitable
amount of encapsulated rTPA that meets the requirement for in vivo application. The
mitochondrial delivery and its PDT activity were validated against SAS cells as the target
cancer cells. The in vivo antitumor activity was then evaluated in the SAS cells-bearing mouse
model. Finally, in the last chapter of this book, the general conclusion is presented with several
potential directions for the further development of this novel-biologically active nanomaterial.
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CHAPTER 2
CONSTRUCTION OF NOVEL MITOCHONDRIA TARGETED PDT
SYSTEM!

The novel mitochondria targeting PDT system was constructed by incorporating a -
extended porphyrin-type photosensitizer (rTPA) into the MITO-Porter system, a versatile
mitochondrial targeting nanodevice. The rTPA compound was designed to possess sufficient
solubility in solvents and dispersibility in the lipid bilayers of the nanocarrier and mitochondrial
membrane (39). The n-electron conjugation using two triarylamine moieties was introduced
into the porphyrin ring to synthesize the rTPA molecules, resulting in a significant alteration
on the photophysical properties of the porphyrin compound. One of the significant
improvements of this newly-synthesized photosensitizer is its capacity in harvesting photons
from long-wavelength light, specifically at around 700 nm. However, this compound has a
highly hydrophobic characteristic that tends to form aggregates, particularly in the aqueous
solution. The aggregation of the porphyrin structure leads to the decrease of the singlet oxygen
quantum yield, consequently loss of PDT efficacy (40-42).

Since the discovery of the first liposomal system by Alec D. Bangham and co-workers
in the 1960s (43), this technology has been extensively developed as the most valuable drug-
carrier system for several biomedical applications. A liposome is constructed from
biocompatible and biodegradable materials such as natural lipids and non-toxic phospholipids.
A liposomal system consists of one or more hydrophobic phospholipid bilayer membrane that
encloses the hydrophilic aqueous core. This amphiphilic characteristic offers the
appropriateness of liposomal nanocarrier for carrying both hydrophilic and hydrophobic
compounds. Moreover, the incorporation of drugs into the liposomal system could improve the
stability of the drug (44-46). Therefore, the incorporation of the rTPA compound into lipid
bilayers of the liposomal system could minimize the possibility to form aggregate and further
improve the stability of this compound. Furthermore, by employing the MITO-Porter system,
the selective tumor mitochondrial delivery of the rTPA compound could be realized to attain

the maximum PDT efficacy.

! Parts of this chapter have been published on:

Satrialdi, Munechika R., Biju V., Takano Y., Harashima H., & Yamada Y., The optimization of cancer
photodynamic therapy by utilization of a pi-extended porphyrin-type photosensitizer in combination with MITO-
Porter, Chem. Commun., 2020, 56, 1145-1148, DOI: 10.1039/C9CC08563G
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This chapter covers the formulation development of the novel mitochondrial targeting
PDT system, namely the rTPA-MITO-Porter, including the characterization and in vitro PDT
evaluation in order to validate the therapeutic concept and its effectivity. The characterization
process consists of the evaluation of the physical characteristics, photophysical properties, and
biological performance of the particles. The physical characteristics consist of the evaluation
of the particle size and its distribution, zeta potential, and encapsulation efficiency. The ability
to provoke the production of singlet oxygen and other types of ROS during the photoactivation
process was evaluated in order to understand the photophysical properties of this system.
Moreover, the cellular uptake efficiency and intracellular trafficking manner of the particles on
the living cells were evaluated as a part of the particle interaction behavior with the biological
system. Finally, the effectivity of this system was assessed in the in vitro settings by evaluating
the PDT cytotoxicity against two different types of human cancer cells, followed by the

validation of the cell death mechanism.

2.1 Experimental Procedures
2.1.1 Materials

The 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE), and sphingomyelin
(SM) were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Non-hydrogenated
egg phosphatidyl choline (EPC) was purchased from NOF Corporation (Tokyo, Japan).
Stearylated-R8 (STR-R8) was obtained from Toray Research Center, Inc. (Tokyo, Japan). The
rTPA compound was synthesized by Yuta Takano, Ph.D. Dulbecco’s Modified Eagle Medium
(DMEM) and fetal bovine serum (FBS) were obtained from Wako (Osaka, Japan) and Sigma
Aldrich Corp. (St. Louis, MO, USA), respectively. SAS cells, human oral squamous carcinoma
cells, were received from National Institutes of Biomedical Innovation, Health, and Nutrition
JCRB Cell Bank (Osaka, Japan). HelLa cells, human cervical cancer cells, were collected from
Riken BRC (Tsukuba, Japan). The premix WST-1 Cell Proliferation Assay System kit was
obtained from Takara Bio Inc. (Shiga, Japan). All additional chemicals and solvents used were

purchased as commercially available reagent-grade products.
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2.1.2 Construction of the PDT System

The rTPA in chloroform solution was sonicated for one minute to break the aggregate.
The solution was transferred into a 1.5 mL tube; then, the solvent was removed and replaced
with the DMSO followed by sonication for 15 s. The rTPA concentration was measured using
a spectrophotometer with the maximum absorption wavelength at 704 nm. This concentration
was used to calculate the initial amount of rTPA for the preparation of nanoparticles.

The incorporation of the rTPA compound into the MITO-Porter system was carried out
using the hydration method. Briefly, the lipid films were prepared by mixing 0.55 mM lipids
in ethanol with a molar ratio of 9:2 of DOPE:SM and 5 mol% of rTPA in chloroform followed
by solvent evaporation. The resulting lipid films were hydrated using 500 uL of 10 mM HEPES
buffer supplemented with 290 mM glucose (pH 7.4) followed by 15 minutes incubation at room
temperature. The hydrated lipid film was sonicated for 45 seconds using a bath-type sonicator.
To remove the non-encapsulated drug, the suspension was centrifuged at 20,600 x g for 5
minutes; then, the supernatant was collected. The STR-R8 solution (10 mol% of the total lipids)
was added to the suspension to produce the rTPA-MITO-Porter. The rTPA compound was also
incorporated into EPC-SM-R8 nanocarrier using a similar method as described above.

The particle size and its distribution were analyzed using dynamic light scattering (DLS)
method, while zeta potential was measured using the patented technique of phase analysis light
scattering (PALS) called M3-PALS technology (Zetasizer Nano ZS, Malvern Instruments,
Worcestershire, UK). To calculate the encapsulation efficiency, the rTPA encapsulated in the
liposomes containing N-(7-nitro-2-1,3-benzoxadiazol-4-yl) labeled DOPE (NBD-DOPE) was
freeze-dried for one night. The obtained powder was dissolved in DMSO, followed by the
measurement of the absorbance of rTPA using a spectrophotometer at the wavelength of 704
nm. The concentration of lipids was determined by measuring the fluorescence intensity of
NBD (ex/em: 550/590 nm). The encapsulation efficiency was calculated using the following
equation:

vered rTPA
recoverear /recovered lipid

initial amount of rTPA /

encapsulation ef ficiency (%) = x 100

initial amount of lipid
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2.1.3 Photoinduced Singlet Oxygen Generation Ability

The detection of singlet oxygen production using Singlet Oxygen Sensor Green (SOSG)
reagent (Thermo Fischer Scientific Inc.; Waltham, MA, USA) was carried out following the
manufacture’s protocol. In brief, a mixture of 2 uM rTPA in nanocarrier and 5 uM of SOSG
solution were irradiated using a Xenon lamp (MAX-303, Asahi Spectra; Tokyo, Japan) at the
wavelength of 700 + 6 nm (20 mW/cm?). The change in fluorescence intensity of the solutions
at 530 nm was measured using a spectrofluorometer with an excitation wavelength of 490 nm.
The meso-tetra(4-sulfonatophenyl) porphin was used as a positive control with 430-nm light

irradiation to activate the molecule.

2.1.4 Cell Culture

HeLa cells and SAS cells were cultured in low glucose of DMEM supplemented with
10% FBS and penicillin-streptomycin under an atmosphere condition of 5% CO/air at 37 °C.
The cell passage was performed at 90% confluency. The cell stocks were preserved in a cell
banker solution with a concentration of 1 x 10° cells/tube and stored at -80 °C.

2.1.5 Detection of ROS Generation in Mitochondria

The in vitro singlet oxygen and superoxide levels were determined using Si-DMA
(Dojindo Molecular Technologies Inc.; Kumamoto, Japan) and MitoSOX™ Red
Mitochondrial Superoxide Indicator (Thermo Fischer Scientific Inc.), respectively. HeLa cells
were seeded on a 35-mm glass base dish (Iwaki; Osaka, Japan) 24 h prior to the experiment.
The rTPA-nanocarriers with 0.1 uM rTPA were transfected for 1 h in a serum-free medium,
followed by 2 h in medium containing 10% FBS. The probe solution was added, followed by
a 45 minutes and 10 minutes of incubation for Si-DMA and MitoSOX™ Red, respectively.
The fluorescence signal of the probe was detected using confocal laser scanning microscopy
(CLSM, Olympus FV10i-LIV, Olympus Corporation; Tokyo, Japan) equipped with a water-
immersion objective lens (UPlanSApo 60x/NA. 1.2) and a dichroic mirror
(DM405/473/559/635). The cells were excited with a 559 nm light from an LD laser with the
fluorescence detection channel at 570-620 to detect the MitoSOX™ Red signal, while, for Si-
DMA, the excitation wavelength was set at 635 nm with the fluorescence detector at 660-710

nm. The CLSM observation was conducted before and after light irradiation (Xenon lamp, A =
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700 + 6 nm, 68.5 mW/cm?). The mean fluorescence intensity of Si-DMA was calculated using

ImagelJ software.

2.1.6 Cellular Uptake Analysis

The cells were implanted on 6-well plates (Corning Inc.; Corning, NY, USA) and
maintained under an atmosphere of 5% CO>/air at 37°C for 24 h. The NBD-labeled rTPA-
nanocarrier was used as the sample and was transfected into the cells for 1 h in serum-free
DMEM. The transfected cells were washed twice with phosphate buffer saline (PBS (-))
containing 20 units/mL of heparin followed by trypsinization. The detached cells were
centrifuged at 700 x g at 4°C for 3 minutes, and the supernatant was removed. The cell pellet
was washed with PBS (-) containing 0.5% (w/v) bovine serum albumin and 0.1% (w/v) sodium
azide (FACS buffer) followed by centrifugation with the same conditions. The supernatant was
discharged, and the cell pellet was resuspended in the FACS buffer. Cellular uptake was
determined using a flow cytometer (Gallious, Beckman Coulter; Brea, CA, USA). The NBD
fluorescent probe was excited by a 488 nm laser and detected with a fluorescent light sensor at
525 nm (FL1). The measurement results were expressed as the mean fluorescence intensity

(MFI). At least three independent analyses were conducted.

2.1.7 Intracellular Trafficking Analysis

The cells were seeded on a 35-mm glass base dish 24 h before transfection. Cells were
transfected with the sample (NBD-labeled rTPA-nanocarrier) in phenol red-free DMEM
without serum for 1 h, followed by an additional 2 h incubation in phenol red-free DMEM
supplemented with 10% serum. The cells were washed, and the medium was replaced with
fresh phenol red-free DMEM containing serum and fluorescent reagents (MitoTracker™ Deep
Red FM) followed by 20 minutes of incubation. The observation was performed using
Olympus FV10i-LI1V equipped with a water-immersion objective lens (UPlanSApo 60x/NA.
1.2) and a dichroic mirror (DM405/473/559/635). The cells were illuminated with 473 nm light
and 635 nm light to excite the NBD-labelled nanocarrier and the MitoTracker Deep Red FM,
respectively. The two fluorescence detection channels were set using a filter at a bandpass 490-
540 nm to detect NBD-labelled nanocarrier and bandpass 660-710 nm to detect MitoTracker™

Deep Red FM. The quantification of the mitochondrial colocalization level was performed

19



from randomly-selected CLSM images using Imagel] software by calculating Pearson’s

correlation coefficient (PCC).

2.1.8 In Vitro PDT Evaluation

Cell viability was measured using the WST-1 assay. In brief, the cells were cultured on
a 48-well plate (Corning Inc.) for 24 h. The sample was transfected into the cells in serum-free
DMEM for 1 h, followed by the next 2 h in DMEM containing serum. The cells were washed
using DMEM containing serum followed by the photoirradiation process using a Xenon lamp
at the wavelength of 700 £ 6 nm. The WST-1 reagent was added to the cells immediately after
irradiation, then incubated for 2 h. The change of the reagent absorbance was measured at 450
nm with the reference at 630 nm using a microplate photometer (EnSpire® Multimode Plate
Reader, Perkin Elmer; Waltham, MA, USA). At least three independent evaluations were

conducted.

2.1.9 Validation of Cell Death Mechanism

The cell death mechanism during the PDT process was determined by direct CLSM
observation. The evaluation was carried out by staining the mitochondrial compartment using
MitoTracker™ Deep Red FM. The NBD-labeled rTPA-nanocarrier was used and transfected
for 1 h in phenol red-free DMEM without serum, followed by 2 h in phenol red-free DMEM
containing serum. Changes in cell morphology were observed using a live imaging system
during irradiation at a suitable excitation wavelength of rTPA sourced from a High-Speed Laser
Confocal Microscopy Nikon-A1Rsi (Nikon Corporation; Tokyo, Japan) instrument. The
microscope equipped with an oil-immersion objective lens (Plan Apo VC, 60x, NA 1.4) and
the dichroic mirror (DM405/488/561/640). The cells were irradiated using the diode lasers with
487 nm light to excite the NBD-labeled rTPA-nanocarrier and 636 nm light to excite the
MitoTracker™ Deep Red FM. The two fluorescence detection channels were set at 525/50 nm
and 700/75 nm to detect the NBD-labeled rTPA-nanocarrier and MitoTracker™ Deep Red FM,

respectively.
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2.2 Results
2.2.1 Construction and Physical Characterization of the PDT System

The rTPA-MITO-Porter system was constructed using a lipid mixture of DOPE and SM
with a molar ratio of 9:2 through the hydration method, followed by surface modification with
the cell-penetrating peptide of STR-R8 (Figure 2-1). The resulting nanoparticles exhibited a
homogenous particle size with a highly positively-charged characteristic indicated by the
positive zeta potential value of 32 £ 3 mV. This characteristic is derived from the occupation
of the highly positively-charged octaarginine (R8) fractions on the exterior of the particles. The
attachment of R8 moieties on the surface of MITO-Porter was achieved through hydrophobic
interactions between the stearyl chain of STR-R8 and lipid bilayer of liposomes. Before the
addition of STR-R8, negatively-charged nanoparticles (rTPA-LPs) were obtained. Furthermore,
the rTPA compound was also incorporated into the non-mitochondrial targeting nanoparticles
comprising of EPC and SM with R8 surface modification (33,34). All the liposomal preparation
of rTPA manifested comparable particle properties, as displayed in Table 2.1.

1 1 —] ——]
Solvent Hydration with Centrifugation, R8
evaporation buffer supernatant modification
. %é ’ 0 - = oWy |
Sl &) L
VY A ®
] ) - )
Mixture of lipids & Thin lipid film rTPA-Liposomes rTPA-
rTPA in organic solvent (rTPA-LPs) MITO-Porter

Figure 2-1 Schematic illustration of the preparation of the rTPA-MITO-Porter. The total lipids’
concentration of 0.55 mM with the initial rTPA concentration of 5 mol% was used in the preparation

process using the hydration method.
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Table 2.1 Particle characteristics of the rTPA-encapsulated liposomal nanocarrier

Liposome  Composition  Diameter Polydispersity (-potential Encapsulation

type (molar ratio) (nm) index (mV) efficiency (%)

DOPE:SM

I'TPA-LPs 134 +3 0.24 £0.03 ()24 4 41+7
(9:2)

I'TPA-
DOPE:SM-R8

MITO- 157 +7 0.23+0.02 (+)32+3 41+7
(9:2-10 mol%)

Porter

I'TPA- EPC:SM-R8

163+ 6 0.24 +0.02 (+)27 £ 2 44+ 14
EPC:SM-R8  (9:2-10 mol%)

2.2.2 Photoinduced Singlet Oxygen Generation Ability

The ability of rTPA-loaded nanocarrier to produce singlet oxygen during the
photoirradiation process was assessed using a singlet oxygen sensor green (SOSG) assay in a
simple glass tube experiment. The SOSG reagent composes of the covalently linked of the
fluorescein structure with the anthracene moiety. In the typical condition, the SOSG exhibits a
weak fluorescence intensity due to the photoinduced electron transfer (PET) quenching effect
within the anthracene and the fluorescein moiety. However, in the presence of singlet oxygen,
the anthracene promptly reacts with singlet oxygen, following in the formation of endoperoxide
accompanied by the loss of PET quenching effect on the fluorescein moiety (47). The
increment on the fluorescence intensity of the solution at 530 nm correlates with the increase
of the singlet oxygen level.

The rTPA in the nanocarrier system was mixed with the SOSG solution, and the
alteration in fluorescence intensities of the SOSG was then recorded during the photoirradiation
process using a Xenon lamp with an optical filter (700 + 6 nm, 20 mW/cm?). The same
concentration of meso-tetra(4-sulfonatophenyl) phorphine, a commercially available
porphyrin-based singlet oxygen photosensitizer, was used as a positive control with irradiation
at 430 nm (20 mw/cm?). As shown in Figure 2-2, the rTPA generates singlet oxygen in a
comparable manner with the pristine porphyrin molecule. Furthermore, the singlet oxygen level

increases linearly with longer irradiation time, indicating the stability of the rTPA compound
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during the irradiation process. This result confirms the significant ability of the rTPA in

generating singlet oxygen under NIR light irradiation.
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Figure 2-2 Photoinduced singlet oxygen generation ability evaluated by SOSG. The rTPA in
nanocarrier system was irradiated by 700 nm light (20 mW/cm?), while the positive control (meso-
tetra(4-sulfonatophenyl) porphin) illuminated by 430 nm light at the same light density. Error bars
indicate S.D. (n = 3, **p<0.01 by paired T-test).

The singlet oxygen generation ability of the rTPA-MITO-Porter was further evaluated
using the Si-DMA probe. This probe composes of silicon-containing rhodamine and anthracene
moieties that are predominantly accumulating in the mitochondria of living cells. The
anthracene moiety has the function as the singlet oxygen reactive site, while the rhodamine
serves as the fluorescence chromophore and mitochondria targeting moiety. This probe could
be appropriated for recognizing the singlet oxygen level selectively in the mitochondrial
compartment of living cells (48). As a result, the mitochondrial singlet oxygen level of HeLa
cells was distinctly increased following the PDT process of the rTPA-MITO-Porter, while no
alteration was observed in the cells treated by the rTPA-LPs (Figure 2-3). This result implies
the potential ability of the rTPA-MITO-Porter to selectively induce the production of singlet
oxygen in the mitochondria of tumors during long-wavelength light irradiation in addition to
the selective mitochondrial accumulation of the rTPA compound delivered by the MITO-Porter

system.
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Figure 2-3 Mitochondrial singlet oxygen level detected by Si-DMA probe. The fluorescence signal of
the Si-DMA was detected using CLSM followed by the quantitative measurement of the intensity by
ImageJ software. Data are represented as the mean with S.D. from 10 randomly-selected cells (n.s. =
not significant; **p<0.01 by paired T-test).

2.2.3 Detection of Mitochondrial Superoxide Level

It has been shown in the previous section that the rTPA-MITO-Porter has a robust
capacity in producing a high level of singlet oxygen, selectively in the mitochondrial
compartment of tumors, during a 700-nm light irradiation process. However, the additional
investigation of different types of ROS, specifically superoxide (O2™) as the natural ROS
produced mainly in mitochondria during the oxidative phosphorylation process, is required to
evaluate the mitochondria oxidative level during the PDT process. The evaluation was carried
out using MitoSOX™ Red, a mitochondria-specific fluorogenic dye for detecting superoxide
levels in mitochondria of living cells. The CLSM was employed to recognize the fluorescence
signal of the MitoSOX™ Red in the cells treated by free rTPA and several liposomal
formulations of rTPA. In the absence of a light irradiation process, all treated cells displayed a
negligible red fluorescence signal of the MitoSOX™ Red. Nevertheless, after 3 minutes
illumination of 700-nm light, the intense red fluorescence signal started to appear on the cells

treated by the rTPA-MITO-Porter, while no fluorescence signal was detected on the other
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control groups, as shown in Figure 2-4. This result indicates the increase of mitochondrial
superoxide levels during the PDT process of the rTPA-MITO-Porter.

The increased level of mitochondrial superoxide may be occurred due to the oxidative
damage of the mitochondrial electron transport chain (ETC) by singlet oxygen, which
massively produced during the PDT process of the rTPA-MITO-Porter. This process may cause
the release of electrons from the ETC that could react inadequately with the molecular oxygens
to form the superoxide (27). This kind of phenomenon is also recognized as ROS-induced ROS
release (49), in this case, singlet oxygen-induced superoxide release. Based on this result, it can
be concluded that the rTPA-MITO-Porter not only exhibits an excellent ability to produce
singlet oxygen but also can provoke the formation of the other ROS, such as superoxide in

mitochondria which would strengthen the PDT effect even more.

Free rTPA rTPA-LPs rTPA-EPC:SM-R8 rTPA-MITO-Porter
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Figure 2-4 Mitochondrial O, level detected by MitoSOX™ Red. The representative CLSM images
of HelLa cells treated by free rTPA and several liposomal formulations of rTPA in the absence and
presence of 3 minutes irradiation of 700-nm light. The appearance of the red fluorescence signals

signifies the high level of superoxide in the mitochondrial compartment. Scale bars: 10 um.
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2.2.4 Quantitative analysis of cellular uptake efficiency

Cell internalization is the first essential process for the organelle-selective delivery of
photosensitizer. The nanocarrier system should have the ability to pass through the cellular
membrane as the first barrier for the cellular internalization. The failure in the internalization
process will have a significant impact on the further delivery process. Therefore, the
quantitative analysis of the cellular uptake efficiency of the particles is one of the most
important aspects to be studied. The quantification of cellular uptake efficiency was conducted
using fluorescence-activated cell sorting (FACS) analysis. In this evaluation, | examined the
cellular uptake of rTPA delivered by unmodified liposomes (rTPA-LPs), R8-modified
liposomes (rTPA-MITO-Porter), and rTPA-EPC:SM-R8 in HeLa cells as the human malignant
cells model. Every nanocarrier system was labeled by the NBD dye that could emit the green
fluorescence signal. The cellular uptake efficiency was drastically increased up to 3.5 folds
after the R8 modification either in the MITO-Porter system or the EPC:SM-R8 liposomes in
comparison to the unmodified liposomes (Figure 2-5). Moreover, the cellular uptake efficiency
of the rTPA-MITO-Porter and the rTPA-EPC:SM-R8 was found to be similar, indicating the
same level of particle internalization. This result is consistent with previous reports (50,51) and
indicates the critical roles of the R8 surface modification for magnifying the cellular uptake

capability of the liposomal nanocarrier.
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Figure 2-5 Cellular uptake efficiency. The left graph represents the flow cytometry histogram of
cellular uptake efficiency of several rTPA-loaded liposomal nanocarriers in HeLa cells. The mean
fluorescence intensity (MFI) value indicates the level of particles taken up by the cells (right graph).
Data are represented as the average MFI value with S.D. from a minimum of four independent
experiments (*p<0.05; **p<0.01 by ANOVA followed by SNK-test).
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2.2.5 Intracellular Trafficking Profile

The next crucial intracellular event after cellular internalization is the intracellular
trafficking process, followed by the accumulation of the particles in the target organelle. It was
reported that the high density R8-modified liposomal nanocarriers are mainly internalized
through macropinocytosis (35). Therefore, to reach the target organelle, the nanoparticles
should have the endosomal escape ability to avoid lysosomal degradation. The intracellular
trafficking profile of the rTPA-loaded nanocarriers was evaluated by CLSM. In this evaluation,
the rTPA-liposomal nanocarriers were labeled with NBD dye, while the mitochondrial
compartment was stained with MitoTracker™ Deep Red FM. The cells were treated by the
I'TPA-LPs, rTPA-EPC:SM-R8, and rTPA-MITO-Porter for 1 h in the serum-free medium
followed by 2 h incubation in the medium containing serum. The first 1 h incubation aims to
facilitate the cellular internalization process of the particles, while the next 2 h incubation is
required for the endosomal escape and mitochondrial accumulation process. In the case of
r'TPA delivered by unmodified liposomal nanocarrier, there was no green fluorescence signal
of the nanoparticle could be detected. It indicates the low or negligible amount of the
nanoparticles inside the cells due to the low cellular uptake efficiency, as it has been shown on
the cellular uptake efficiency study.

Interestingly, the rTPA-EPC:SM-R8, which has a similar cellular uptake efficiency in
comparison to the rTPA-MITO-Porter, displayed a distinct intracellular trafficking manner.
Most of the rTPA-EPC:SM-R8 accumulated outside the mitochondria compartment of HelL.a
cells, indicated by the separation of the green fluorescence signal of the nanoparticles and the
red fluorescence signal of the mitochondria. In contrast, the rTPA-MITO-Porter dominantly
concentrated in the mitochondria, indicated by the appearance of several yellow signals that
are produced by the overlapping of the green and red fluorescence signals of the nanoparticles
and mitochondria, respectively (Figure 2-6). All the results mentioned above suggest that the
important role of DOPE and R8 moieties for the mitochondrial delivery of the MITO-Porter

system.
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Mitochondria Nanoparticle Merge Magnification

Figure 2-6 The intracellular trafficking profile. The representative CLSM images of the intracellular

rTPA-LPs

rTPA-
EPC:SM-R8

rTPA-
MITO-Porter

trafficking profile of several rTPA-loaded liposomal nanocarrier systems in HelLa cells. The
mitochondrial compartment was stained by MitoTracker™ Deep Red FM, while the nanocarrier was
labeled by NBD dye. The yellow signals represent the colocalization of nanoparticles in mitochondrial

compartment. Scale bars: 10 um.

The mitochondrial accumulation level was then quantified by calculating Pearson’s
correlation coefficient (PCC) of several randomly-selected CLSM images by using ImagelJ
software (52). In general, the PCC has the value ranges from -1 to +1. The -1 value indicates a
negative correlation, while the 0 value and +1 value mean no correlation and the perfect
correlation between two objects, respectively (53). From the PCC value, the rTPA-MITO-
Porter showed the highest colocalization degree as opposed to the rTPA-LPs and rTPA-
EPC:SM-R8 (Figure 2-7). This result further validates the efficiency of the MITO-Porter
system in delivering the rTPA compound selectively into the mitochondrial compartment.
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Figure 2-7 Mitochondrial colocalization level. Pearson’s correlation coefficient (PCC) was calculated
using ImageJ software from several randomly-selected CLSM images. Error bars indicate S.D. (n =
12, **p<0.01 by ANOVA followed by SNK-test).

To further verify the mitochondrial accumulation of rTPA, the direct observation of the
r'TPA signal in the mitochondria was conducted by the utilization of a highly sensitive CLSM
system (AlRsi and Ti-E, Nikon Corporation; Tokyo, Japan). This kind of CLSM system is
required to detect a weak fluorescence signal of rTPA, which cannot be detected by the standard
CLSM system. In this evaluation, | made a comparison of the mitochondrial accumulation of
free rTPA, rTPA-LPs, rTPA-EPC:SM-R8, and rTPA-MITO-Porter in HelLa cells. The
mitochondrial compartment was stained using MitoTracker Orange CM-H2TMRos (Thermo
Fischer Scientific Inc.). As shown in Figure 2-8, the rTPA signal could be detected in different
levels of intensity depending on the delivery system. The rTPA delivered by the MITO-Porter
system exhibited the most robust signal inside the cells, while a low level of fluorescence was
observed for the rTPA-LPs and the rTPA-EPC:SM-R8. Besides, there was no fluorescence
signal could be detected for the cells treated by the free rTPA.

Furthermore, some of the rTPA signals colocalized with the mitochondrial compartment
of the cells treated by the rTPA-MITO-Porter indicated with the appearance of some yellow
signals. In contrast, a negligible colocalization signal was observed in the case of other rTPA

formulations. These results further provide stronger evidence regarding the effectivity of the
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MITO-Porter system in transporting the rTPA compound selectively into the mitochondrial

compartment of tumor cells.
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Figure 2-8 Mitochondrial accumulation of rTPA. The representative CLSM images of HeLa cells
treated by several rTPA formulations. Mitochondrial compartment was stained with MitoTracker
Orange CM-H2TMRos. The yellow spot is represented the colocalization of rTPA in mitochondrial

compartment. Scale bars: 10 um.
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2.2.6 Evaluation of in vitro PDT toxicity

After validating the physical characteristics, photophysical properties, and biological
behavior of the rTPA-MITO-Porter, the investigation was proceeded by evaluating the PDT
concept and its effectivity to annihilate human cancer cell lines. The PDT effectivity was
evaluated by comparing the cytotoxicity profile of the rTPA-MITO-Porter with the other rTPA
formulations against HelLa cells, as the human cancer cell line model. The cytotoxic effects
were determined using a colorimetric method that isa WST-1 assay in the absence and presence
of a light irradiation process. In this evaluation, the cells were treated by several rTPA
formulations for 1 h in the serum-free medium, followed by 2 h incubation using a medium
containing 10% FBS. This incubation time was previously validated to be effective for
mitochondrial delivery, as explained in the intracellular trafficking profile. In the case of cells
treated by free rTPA and rTPA-LPs, negligible toxicity was observed either in the absence or
in the presence of a light irradiation process (Figure 2-9). These results could be explained by
the poor cellular uptake efficiency of both free rTPA and rTPA-LPs. Furthermore, a 3-minute
irradiation process using Xenon lamp with a light density of 68.5 mW/cm? could not induce
significant toxicity toward the cells, which is a crucial issue to be considered as the safety
aspects of phototherapy.
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Figure 2-9 PDT cytotoxicity of free rTPA and rTPA-LPs against HeLa cells. A. free rTPA; B. rTPA-
LPs, evaluated in the absence and presence of light irradiation (Xenon lamp at 700 £ 6 nm; 68.5

mW/cm?). Data represent as average with S.D. from three independent experiments.
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The evaluation of the PDT cytotoxicity was continued by treating the cells with the rTPA-
EPC:SM-R8, as a non-mitochondrial targeting system. Based on the cellular uptake and
intracellular trafficking study, this particle could efficiently be internalized by the HeLa cells,
with the limited mitochondrial accumulation. From the WST-1 assay, more than 90% of the
cell population remained intact after treatment in the range of rTPA concentrations tested both
in the absence and presence of a light irradiation process (Figure 2-10). This result indicates

that only the internalization of the rTPA is not sufficient to induce significant cytotoxicity.
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Figure 2-10 PDT cytotoxicity of rTPA-EPC:SM-R8 againts HeLa cells. The evaluation was
performed in the absence and presence of light irradiation (Xenon lamp at 700 + 6 nm; 68.5 mW/cm?).

Value = mean £ S.D. (n = 3).
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Notable toxicity was observed when the rTPA-MITO-Porter combined with 3 minutes
irradiation of 700-nm light with the same light density was applied into the HelLa cells.
Furthermore, a dose-dependent toxicity profile was obtained with the minimum required
concentration for eliminating half of the cell population (ECso) approximately 0.16 + 0.02 uM.
In contrast, there was no significant toxicity during the rTPA-MITO-Porter treatment in the
absence of a light irradiation process (Figure 2-11). This result implies several essential points
regarding the utilization of the rTPA-MITO-Porter for PDT application. First, the rTPA-
MITO-Porter is a safe system for the cells in the absence of a light irradiation process. Second,
the 700-nm light is suitable to activate the rTPA-MITO-Porter to induce cellular damage,
which is an advantage for the PDT application. Finally, the utilization of the MITO-Porter
system as a carrier for rTPA could maximize the PDT cell-killing ability of the rTPA compound.
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Figure 2-11 PDT cytotoxicity of rTPA-MITO-Porter against HeLa cells. The irradiation process was
performed using a Xenon lamp with the optical filter for producing 700 + 6 nm with a density of 68.5
mW/cm?. Data represent the average value of cell viability with S.D. (n =3; **p<0.01 by unpaired T-
test).
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The PDT cytotoxicity of the rTPA-MITO-Porter was further evaluated against another
type of human cancer cell line, namely SAS cell. This type of malignant cell is derived from a
human tongue cancer cell. This cell is considered as a potential target for PDT due to its fatality
and cell location on the surface of the body that can be easily treated by PDT. As shown in
Figure 2-12, there was no significant toxicity of the rTPA-MITO-Porter in the absence of light
irradiation. In contrast, after applying 5 minutes of light illumination (700 = 6 nm, 68.5
mW/cm?), the cell viability was significantly reduced with the ECso value of 0.41 £ 0.18 uM.
This result confirms the universality of the rTPA-MITO-Porter for PDT applications, which

could be used to eradicate different types of human cancer cell lines.
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Figure 2-12 PDT cytotoxicity of rTPA-MITO-Porter against SAS cells. A. in the absence of light
irradiation; B. in the presence 5 minutes light irradiation at 700 + 6 nm (68.5 mW/cm?). Error bars
indicate S.D. (n = 4; *p<0.05; **p<0.01 by ANOVA followed by Dunnett test).
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2.2.7 Validation of Mitochondria as the Important Target for PDT

The significance of mitochondria delivery of rTPA was validated by comparing the cell-
killing ability of the mitochondrial delivery system of the rTPA-MITO-Porter with the non-
mitochondria targeting system of the rTPA-EPC:SM-R8. This comparison was made based on
the findings that both liposomal systems could be efficiently internalized by the cells at the
same level, with a significant difference in the mitochondrial accumulation level. The
comparison was conducted using the same concentration of rTPA (0.25 uM), either in the
absence or presence of 3 minutes light irradiation process. As a result, both systems are safe
for the cells in the absence of light irradiation process, as indicated by negligible toxicity.
During the PDT process, only the rTPA-MITO-Porter could induce significant toxicity against
HeLa cells, with more than 70% of the cell population was being killed. This result suggests
that the importance of mitochondria as the PDT target. Furthermore, the combination of the
light irradiation process and mitochondrial delivery of rTPA is required to induce remarkable

cytotoxicity (Figure 2-13).
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Figure 2-13 Validation of mitochondria as the potential target for PDT. The two-way ANOVA analysis
was performed to investigate the effect of irradiation and mitochondria delivery of rTPA on the
cytotoxicity against HelLa cells. The significant differences between each treatment conditions are
calculated by a simple main effect test followed by Bonferroni correction (***p<0.001). Value = mean
+S.D. (n=23).
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2.2.8 Validation of cell death mechanism

Several cell death mechanisms, including apoptosis (54), necrosis (55), and autophagy
(56), could be activated during the PDT process. The variation of the cell response to the PDT
depends on the cell type or its genetic or metabolic status, the types of photosensitizers, and
the total light dose (57). Furthermore, the subcellular accumulation of the photosensitizer in
the specific organelle also plays an essential role in determining the PDT cell death mechanism.
For instance, the mitochondrial accumulation of photosensitizer could effectively induce the
activation of the apoptosis pathway, while the plasma membrane localization may initiate the
necrotic cell death (58,59).

The cell death mechanism during the PDT process of the rTPA-MITO-Porter was
validated by obtaining the alteration of the cell morphology during the irradiation process using
CLSM live-imaging observations. As shown in Figure 2-14, the cell experienced shrinkage
into a smaller size without losing the integrity of the plasma membrane. Furthermore, the
formation of membrane blebs was observed, followed by the generation of rounded-shape
apoptotic bodies at the end of the irradiation process. A significant alteration on the
mitochondria structure was also observed. Before starting the irradiation process, the
mitochondria structure displayed a vast interconnected network with a filamentous structure.
It indicates the sound condition of mitochondria. However, during the irradiation process, the
mitochondria structure became fragmented, resulting in the small dot-like structures, indicative
of the damage of the mitochondria network. All those characteristics are consistent with the
specific hallmarks of the apoptosis process (60,61). In contrast, there was no significant
alteration either in the cell membrane structure or in the mitochondrial compartment condition
of the cells treated by the rTPA-LPs. These results suggest that the PDT cytotoxic effect of the
rTPA-MITO-Porter is through the activation of the apoptotic pathway.
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Figure 2-14 The alteration on the cell morphology. The representative image of HeLa cells treated
using rTPA-MITO-Porter, before and after the light irradiation process, captured by the live-imaging
CLSM system. The bright-field image represents the alteration of the plasma membrane structure. The

red arrows indicate the formation of membrane bleb. Scale bars: 10 um.

37



2.3 Discussion

The PDT effect is a resultant from the dynamic interaction between its key elements,
specifically photosensitizer, light, and oxygen molecules. The energy transfer process from the
harmless visible light, as the source of energy, to the molecular oxygen mediated by the
photosensitizer, resulting in the alteration of the typical oxygen molecule to the highly reactive
and harmful species, mainly singlet oxygen. However, singlet oxygen has a short lifetime and
limited diffusion capacity, creating the limitation of the harmful effect on the cells. Moreover,
the lack of oxygen concentration in some solid tumors (hypoxia) is one of the most challenging
problems in the PDT application. It was reported that the inhibition of the mitochondrial
respiration, either by the chemicals or PDT process, causes the increment of oxygen
concentration in mitochondria (28,31), which could be an advantage for the PDT process,
particularly in the hypoxic condition. Furthermore, the increased level of ROS specific inside
the mitochondrial compartment causes depolarization of the mitochondrial membrane, leading
to the release of the proapoptotic factor such as cytochrome ¢ from the mitochondria to the
cytosol, followed by the activation of caspase pathway to start the apoptosis process (30,62,63).
By selective delivery of photosensitizer into the mitochondrial compartment, the harmful effect
of ROS could be concentrated in the mitochondria, and it could be one advantage of the
mitochondria selective targeting PDT system to obtain the full benefits of PDT.

The incorporation of the rTPA compound into the MITO-Porter system has been
achieved by using the hydration method. The MITO-Porter system was constructed by the
combination of DOPE and SM lipids with the molar ratio of 9:2 and surface modification with
an arginine-rich cell-penetrating peptide of R8. The resulting particles displayed homogenous
particle distribution with an average particle diameter of 157 £ 7 nm. The particle size was
comparable when the DOPE lipid was replaced by the EPC lipid to produce the non-
mitochondrial targeting particles, namely the rTPA-EPC:SM-R8. Both particles also exhibited
a highly positively-charged characteristic, due to the attachment of R8 on the exterior of the
particles. Furthermore, the rTPA in negatively-charged liposome containing DOPE and SM
without R8 modification was also prepared as the control particle.

The rTPA in the nanocarrier system readily generated a high level of singlet oxygen
during the photoirradiation process using a 700-nm light system and comparable with the
pristine porphyrin structure, which required a shorter wavelength of light (430 nm) for the
activation process. Furthermore, the mitochondrial delivery of the rTPA compound by the

MITO-Porter system exhibited an active singlet oxygen production profile in HeLa cells. The
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massive production of singlet oxygen in the mitochondrial compartment further produced a
significant impact on the mitochondrial ETC, indicated by the increase of superoxide levels
during the PDT process. Superoxide is a natural by-product during the mitochondrial oxidative
phosphorylation process. The electron escape during this transport process leads to the
production of superoxide through the inappropriate reaction with the oxygen molecules. In the
typical condition, cells have a defense mechanism to eliminate this ROS and control its level
on the safe concentration for the cells. Therefore, the increased level of superoxide during the
PDT process of the rTPA-MITO-Porter could be a sign of the damage to the mitochondrial
ETC.

The attachment of R8 moieties on the surface of the particles exhibited a notable
increment on the cellular uptake efficiency of the rTPA-MITO-Porter and the rTPA-EPC:SM-
R8, while unmodified liposomes (rTPA-LPs) displayed an ineffective cell internalization
profile. R8 is one of the most popular arginine-rich cell-penetrating peptides (CPPs) that
extensively used to intensify the cell internalization of the nanoparticles. The arginine-rich
CPPs could activate the macropinocytosis pathway by the interaction with the cell-surface
proteoglycans (64). R8 also demonstrated an efficient endosomal escape via membrane fusion
with the endosomal membrane at both neutral (early endosome) and acidic (late endosome)
environment, which can protect the liposomes from the lysosomal-degradation (65). Though
the cellular uptake efficiency between the rTPA-MITO-Porter and the rTPA-EPC:SM-R8 was
similar, the intracellular trafficking of both liposomal systems was different, particularly in the
mitochondrial accumulation level. Most of the rTPA-EPC:SM-R8 particles failed to reach the
mitochondrial compartment, while the rTPA-MITO-Porter was dominantly concentrated in the
mitochondria. The lack of mitochondrial accumulation level of the rTPA-EPC:SM-R8 could
be associated with the presence of EPC as a substituted-lipid of DOPE. It was reported that the
EPC lipid could reduce the endosomal escape ability of the cationic liposomal nanocarrier,
regardless of the presence of R8 moieties (33,66). Thus, most of the rTPA-EPC:SM-R8
entrapped inside the endosome during the internalization process.

The distinction in the intracellular trafficking profile and mitochondrial accumulation
level resulted in a great impact on the PDT cytotoxicity of the rTPA compound (Figure 2-15).
The low cellular uptake efficiency and negligible mitochondrial accumulation of the free rTPA
and the rTPA-LPs could be linked to the negligible toxicity against HeLa cells. Additionally,
the free rTPA has highly hydrophobic characteristics, which may cause the aggregation,
especially in the aqueous solution. The aggregation causes a reduction in the light absorption

capacity and increases the probability of rapid deactivation of the photoexcited state of the

39



sensitizer molecule (39). Both would drive to the suppression of the singlet oxygen generation
(67).

Furthermore, when the rTPA compound was delivered by the EPC:SM-R8 system,
negligible toxicity was obtained either in the absence or in the presence of a light irradiation
process. Whereas, a massive cell killing process was observed in the cells treated by the rTPA-
MITO-Porter in combination with a 700-nm light irradiation process. This result could be
associated with the specific localization of the photochemical reaction on the mitochondrial
compartment of tumors. Furthermore, the utilization of the MITO-Porter system for
transporting the rTPA compound resulted in a robust cell-killing ability against two different
types of human cancer cell lines, specially HeLa cell and SAS cell, indicated by the relatively
low ECso value compared to several reported PDT systems, as shown in Table 2.2. Also, the
activation of the apoptosis cell death was found to be intensive during the PDT process of the
rTPA-MITO-Porter. These results suggest that the synergistic combination effect of the rTPA
and the MITO-Porter system is required to obtain the full PDT benefits of the rTPA compound.
Furthermore, the mitochondrial delivery of the rTPA compound by the MITO-Porter system is
the key factor for enhancing the PDT effectivity, indicating the importance of mitochondria as

the potential target for PDT.
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Figure 2-15 Illustration of the biological behavior of several rTPA formulations. The distinction in
the cellular uptake, intracellular trafficking, and mitochondrial delivery of rTPA significantly affect the
PDT effectivity.
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Table 2.2 Comparison of PDT effectivity

Compound-system Irradiation
- Cells ECso* Ref.
name condition
0.16 uyM ]
rTPA-MITO-Porter* 700 nm; 12.4 J/cm? HelLa This work
(0.26 pg/mL)
0.41 yM )
rTPA-MITO-Porter* 700 nm; 20.6 J/cm? SAS This work
(0.64 pg/mL)
Cationic octahedral
460 nm; 18 J/cm? HelLa 0.1 uM (68)
molybdenum complex*
Pheophorbide-A* 610 nm; 84 J/cm? MES-SA 0.5 uM (69)
Heterometallic Ru-Pt
450 nm; 6.54 J/cm? A549 0.71 uM (70)
metallacycle*
Chlorin conjugated with
- >500 nm; 6 J/cm? UM-UC-3 1.3 uM (72)
galactodendritict
HelLa & MDA-
HA-IR-Pyr? 808 nm; 37 J/cm? 5-7 uM (72)
MB-231
Graphene quantum dot? 980 nm; 720 J/cm? 4T1 ~80 ug/mL (73)
Silicon phthalocyanine
o 670 nm; 36 J/cm? A2780/AD 0.9 ug/mL (74)
derivative
) >570 nm; 11.2
Protoporphyrin IX HelLa 0.8 uM (75)
Jlcm?
Tetra(3,4-pyrido)- >570 nm; 11.2
) HelLa 0.26 uM (76)
porphyrazines Jlem?
Ru(1l)polypyridyl
(IDpolypyridy 450 nm; 12 J/cm? HelLa 3.5uM 77)
complexes
Octasulfonate-modified
_ _ >610 nm; 27 J/cm? HepG2 3.78 uM (78)
zinc (1) phthalocyanine
Photofrin® >610 nm; 48 J/cm? HT29 5 pg/mL
Meso-substituted porphyrin 650 nm; 24 J/cm? HelLa 5uM (79)
Porphyrin-ferrocene
620 nm; 21.6 J/cm? MCF-7 25 uM (80)

conjugate

*ECso: minimum concentration that required to eliminate half of cell population;

Mitochondrial targeting system.
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2.4  Summary and Conclusion

The novel mitochondrial targeting PDT system, namely the rTPA-MITO-Porter system,
was successfully developed by combining a novel w-extended porphyrin-type photosensitizer,
namely rTPA, with a MITO-Porter system, a versatile mitochondrial targeting liposomal-based
nanocarrier. The synergistic action of this combination exhibited effective photoinduced
cytotoxicity against two types of human cancer cell lines, specifically HeLa cell and SAS cell,
with a relatively low ECsp value of 0.16 + 0.02 uM and 0.41 £ 0.18 uM, respectively. The PDT
process of the rTPA-MITO-Porter could effectively induce the activation of apoptosis cell
death, which is preferable for cancer therapy due to the negligible inflammation effects, leading
to minimum side effects for healthy cells. The results presented in this chapter provided an
excellent opportunity for the subsequent utilization of the rTPA-MITO-Porter as a novel

biologically-active nanomaterial for mitochondrial targeting PDT in the in vivo experiment.
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CHAPTER 3
PDT APPLICATION ON THE HUMAN TUMOR XENOGRAFT MOUSE

After obtaining a promising PDT Kkilling capacity of the rTPA-MITO-Porter, the
investigation was continued into the translation process from the in vitro concept to the in vivo
application. Before conducting the in vivo antitumor evaluation, several issues should be solved,
particularly regarding the suitability between the amount of encapsulated drug inside the
nanocarrier system with the required administration dose. Furthermore, for achieving the
mitochondrial compartment of the tumor cells, the particle should have functional integrity
during the transportation process throughout the tumor microenvironment, to protect the
carried-drugs from the release and degradation. Therefore, further formulation design is
required for the translation process of this novel mitochondrial targeting PDT system into the
in vivo application.

This formulation design aims to achieve a suitable dose of administration of the rTPA
and to have better particle integrity for an in vivo environment without affecting the
mitochondrial delivery and its phototoxicity. Based on the cellular uptake and intracellular
trafficking results in Chapter 2, it was found that the combination of DOPE and R8 moieties is
the main factor that contributed to the mitochondrial delivery of MITO-Porter system. It is also
reinforced by previously published paper regarding the analysis of mitochondrial delivery of
the MITO-Porter system. It suggested that the alteration of the helper lipids, such as SM,
cholesteryl hemisuccinate (CHEMS), cholesterol (Chol), and phosphatidic acid, did not
significantly affect the mitochondrial accumulation level, as far as the DOPE and R8 are the
main components of the MITO-Porter (36). Furthermore, it was reported that the presence of
Chol in the liposomal formulation could increase the packing of phospholipid molecules,
resulting in a more rigid and stable liposomal structure (81,82). Based on the reasons mentioned
above, | attempted to design a better and suitable rTPA-MITO-Porter system by replacing the
SM with Chol.

This chapter covers the translation process from the in vitro concept into the in vivo
application of the rTPA-MITO-Porter system to treat human tumor cells xenografted on the
mouse model. Before conducting the in vivo therapeutic activity evaluation, several adjustment
processes on the rTPA-MITO-Porter formulation was implemented to achieve more desirable

particle characteristics for the in vivo application. This formulation design process resulted in
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a negligible alteration on the mitochondrial targeting ability and the phototoxicity profile.
Furthermore, the antitumor activity was evaluated using a model mouse bearing SAS cells,
human tongue cancer cells by monitoring the change of the tumor volume and body weight for
14 days. The mitochondrial membrane potential was also reported to evaluate the PDT effect

on the tumor mitochondria.

3.1 Experimental procedures
3.1.1 Materials

The lipid materials consisting of 1,2-Dioleoyl-sn-glycero-3-phosphatidyl ethanolamine
(DOPE) and cholesterol (Chol) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA) and Sigma Aldrich Corp. (St. Louis, MO, USA), respectively. The MitoProbe™ TMRM
assay kit was obtained from Thermo Fischer Scientific Inc. (Waltham, MA, USA). SAS cells,
human squamous cells carcinoma of the tongue, were supplied from National Institutes of
Biomedical Innovation, Health, and Nutrition JCRB Cell Bank (Osaka, Japan). The cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Wako; Osaka, Japan) containing
10% (v/v) fetal bovine serum (FBS) (Sigma Aldrich Corp.) and penicillin-streptomycin (Meiji
Seika Pharma, Co. Ltd.; Tokyo, Japan) under an atmosphere condition of 5% CO2/air at 37°C.
The rTPA compound was synthesized by Yuta Takano, Ph.D. All additional chemicals and

solvents used were purchased as commercially available reagent-grade products.

3.1.2 Preparation of the High Lipid Content rTPA-MITO-Porter

The rTPA-MITO-Porter was prepared using the hydration method, as explained before
in the Chapter 2 with slight modification. Briefly, a combination of DOPE and Chol with the
molar ratio of 9:2 and total lipids’ concentration of 2.75 mM in ethanol solution was mixed
with 5 mol% of rTPA in chloroform followed by solvent evaporation. The hydration process
of the lipid film was carried out using 10 mM HEPES buffer containing 290 mM glucose (pH
7.4) for 15 minutes at room temperature; then sonication to form spherical-shaped and
homogenous particles. The non-encapsulated drugs were removed by centrifugation at 20,600
x g for 5 minutes. Finally, the liposomes were modified with 10 mol% of R8 solution to obtain
the rTPA-MITO-Porter. The particle size and zeta potentials were analyzed using dynamic

light scattering (DLS) method and the patented technique of phase analysis light scattering
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(M3-PALS technology), respectively. Moreover, the amount of encapsulated rTPA was

determined using spectrophotometry.

3.1.3 Performance Verification of the High Lipid Content rTPA-MITO-Porter

The mitochondrial delivery ability was evaluated using CLSM analysis. SAS cells were
seeded on a 35-mm glass base dish with a density of 2x10° cells and incubated for 24 h. The
NBD-labeled rTPA-MITO-Porter was added into the cells in serum-free medium for 1 h,
followed by an additional 2 h in medium containing 10% serum. After completing the
transfection process, the mitochondrial compartment was stained using 0.1 pM MitoTracker™
Deep Red FM for 20 minutes. The observation was performed by Olympus FV10i-LIV
equipped with a water-immersion objective lens (UPlanSApo 60x/NA. 1.2) and a dichroic
mirror (DM405/473/559/635). The NBD-labeled rTPA-MITO-Porter and the MitoTracker™
Deep Red FM were excited with 473 nm and 635 nm light, respectively. Two fluorescence
detection channels were set using a filter at a bandpass of 490-540 nm to detect NBD-labeled
rTPA-MITO-Porter and 660-710 nm to detect MitoTracker™ Deep Red FM.

The in vitro PDT cytotoxicity against SAS cells was evaluated by transfecting the cells
with the rTPA-MITO-Porter for 1 h in serum-free DMEM, followed by 2 h incubation in
DMEM containing serum. The irradiation process was conducted using a Xenon lamp at a
wavelength of 700 £ 6 nm for 5 minutes. Then, the cell viability was quantified by measuring
the change of the WST-1 absorbance at 450 nm with the reference at 630 nm.

3.1.4 Establishment of Tumor-Bearing Mouse Model

Balb/c Scl-nu/nu male mice (4-6 weeks old) were obtained from Japan SLC Inc.
(Shizuoka, Japan). All animal experiments were carried out following the protocols reviewed
and approved by the Institutional Animal Care and Research Advisory Committee at the
Faculty of Pharmaceutical Sciences, Hokkaido University, Sapporo, Japan (Registration
Number: 16-0015). To establish a tumor-bearing mouse model, SAS cells with a density of 1
x 10° cells in 80 uL PBS were subcutaneously injected into the right flank of the mouse. The

tumor growth was monitored and measured by calipers using the following formula:

Tumor volume (mm?3) = 0.52 x long axis (mm) x short axis?> (mm)
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3.1.5 Evaluation of PDT Antitumor Activity

After the tumor volume reached 50 mm? or six days after tumor inoculation, the mice
randomized into five groups and separately treated by intratumoral administration of HEPES
buffer containing 290 mM glucose pH 7.4 (HBG) with light irradiation (+ L), empty MITO-
Porter + L, free rTPA + L, rTPA-MITO-Porter, and rTPA-MITO-Porter + L. The rTPA dose
was fixed at 8.2 pg/mouse for all treatments containing rTPA. The light irradiation process was
performed using a Xenon lamp with the optical filter that produces 700 £ 6 nm light for 20
minutes, 6h or 12h after the administration of the solution. The tumor growth was monitored
every two days until the endpoint of the experiment (20 days after tumor cells inoculation).
The relative tumor volume was calculated by comparing the tumor volume with its

corresponding initial tumor volume prior to treatment.

3.1.6 Evaluation of Mitochondrial Membrane Potential

The mice received the rTPA-MITO-Porter (rTPA dose = 8.2 pug/mouse) and HBG (as
negative control) via intratumoral administration followed by 700-nm light irradiation for 20
minutes, 12h after drug administration. The mice were sacrificed 3h after the light irradiation
process, and tumor tissues were collected. The tumor tissues were incubated with 0.5 pM
MitoProbe™ TMRM solution in PBS (-) for 30 minutes, followed by the observation using
CLSM. The Olympus FV10i-LIV (Olympus Corporation, Tokyo, Japan) equipped with a
water-immersion objective lens (UPlanSApo 60x/NA. 1.2) and a dichroic mirror
(DM405/473/559/635) was used to detect the TMRM signal. The tissues were illuminated with
559 nm light to excite the TMRM, and the fluorescence detection channel was set using a filter
at a bandpass 570-670 nm to detect TMRM fluorescence signal. The quantification of the mean
fluorescence intensity of the TMRM was then performed from randomly-selected CLSM

images using ImageJ software.
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3.2 Results
3.2.1 Formulation Design for In Vivo Experiment

The rTPA-MITO-Porter system was further developed by replacing the SM with the Chol
to obtain better particle integrity to be applied in the in vivo experiments. To achieve a suitable
amount of the rTPA inside the MITO-Porter system, the total lipids’ concentration was
increased five times to 2.75 mM, without changing the molar ratio of each lipid component.
The alteration on the total lipids’ concentration effectively increased the amount of
encapsulated-rTPA from 6.4 + 2.2 uM to 37.6 = 5.3 uM. The highly-positively charged
nanoparticles with narrow size distribution were obtained, as shown in Figure 3-1. The particle
size was slightly bigger compared to the low lipid content rTPA-MITO-Porter (Table 2.1), due
to the use of high concentration of lipids. However, the particle size is on a suitable range for
the in vivo application. Furthermore, the amount of rTPA inside the MITO-Porter system was

also appropriate to be administered to the animal model.
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Figure 3-1 Particle characteristics of high lipid content rTPA-MITO-Porter. A. particle size
distribution (diameter = 169 + 6 nm), with polydispersity index (PDI) of 0.22 + 0.02; B. Zeta potential
(36 £ 1 mV).
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3.2.2 Performance Verification of the rTPA-MITO-Porter

Due to the replacement of SM with Chol on the MITO-Porter formulation, the
verification of the mitochondrial delivery ability is an important aspect to be pointed out.
Therefore, to evaluate the mitochondrial accumulation level, the CLSM observation was
conducted in SAS cell, as the potential target for PDT, and comparison was made between the
ITPA-MITO-Porter containing SM with the rTPA-MITO-Porter containing Chol. All the
particles were labeled with NBD dye, while the mitochondria were stained with MitoTracker™
Deep Red FM. As a result, the rTPA-MITO-Porter containing Chol exhibited similar
mitochondrial accumulation profile corresponding to the rTPA-MITO-Porter containing SM,
indicated by the appearance of several yellow signals, as the colocalization signal (Figure 3-
2). It further validates that the replacement of the helper lipid is insignificantly affecting the
mitochondrial delivery ability of the MITO-Porter system, as far as the DOPE and R8 are the

main components of the MITO-Porter.

Mitochondria Nanoparticle Magnification

rTPA-
DOPE:SM-R8

rTPA-
DOPE:Chol-R8

Figure 3-2 The intracellular trafficking profile in SAS cells. The alteration of helper lipid component
from the SM to the Chol did not significantly affect the mitochondrial delivery ability of the rTPA-
MITO-Porter. Scale bars: 10 um.
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Another critical issue regarding the adjustment on the rTPA-MITO-Porter formulation is
the effectivity of the system in inducing cytotoxicity during the photochemical reaction. The
WST-1 assay was performed to evaluate the cytotoxicity of the high lipid content rTPA-MITO-
Porter containing Chol against SAS cell, either in the absence or presence of light irradiation
process. As shown in Figure 3-3, the combination of the rTPA-MITO-Porter with a 5 minutes
irradiation process of the 700-nm light resulted in remarkable cytotoxicity against SAS cells,
while negligible toxicity was obtained in the absence of light irradiation process. Furthermore,
a dose-dependent toxicity profile was observed with the ECso value of 0.27 + 0.04 uM.

Based on the results mentioned above, the formulation adjustment on the rTPA-MITO-
Porter system resulted in an insignificant alteration on the mitochondrial delivery ability.
Moreover, the high lipid content rTPA-MITO-Porter with Chol produced a comparable
phototoxicity profile to the low lipid content rTPA-MITO-Porter consisting of the SM,
indicated by the ECso value. Therefore, the high lipid content rTPA-MITO-Porter containing
Chol is the best candidate to be applied for further translation process into the in vivo

application.
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Figure 3-3 PDT toxicity of high lipid content rTPA-MITO-Porter against SAS cell. The irradiation
process was performed using 700 + 6 nm light for 5 minutes with the density of 68.5 mW/cm? Data

represent the average value of cell viability with S.D. (h =3; **p<0.01 by unpaired T-test).
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3.2.3 Evaluation of Antitumor Activity Against SAS Cells-bearing Mouse Model

After validating the mitochondrial delivery ability and in vitro PDT toxicity of the high
lipid content rTPA-MITO-Porter with Chol, the investigation was continued by establishing
human cancer engrafted on a mouse model. SAS cell was selected as the target in this
evaluation for several reasons, as described in Chapter 2. The cells were inoculated
subcutaneously into an immunodeficient mouse on the right flank. After the tumor volume
reached 50 mm?3 or six days after tumor inoculation, the mice randomized into several treatment
groups. Each group received specific treatment (rTPA dose = 8.2 pug/mouse) via intratumoral
administration followed by 20 minutes light irradiation process using a Xenon lamp with the
optical filter to produce 700 + 6 nm light. The interval between drug administration and the
light irradiation process or DLI (drug-light interval) was set to be 6 h. As shown in Figure 3-
4, the rTPA-MITO-Porter exhibited notable inhibition on tumor growth in comparison to the
negative control group that received HEPES buffer containing glucose with irradiation (HBG
+ L). However, three times the treatment of the rTPA-MITO-Porter with two days interval
failed to produce better antitumor activity as opposed to a single treatment of the rTPA-MITO-
Porter. It may be due to the interval between each treatment is too short, so that the harmful

effects from multiple treatments are not clearly seen.
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Figure 3-4 Growth curves of SAS-bearing mouse on each group. The graph indicates relative tumor
volume compared to its corresponding initial tumor size before treatment. Data represent the average
value with S.D. (h =3-5; *p<0.05 by ANOVA followed by Bonferroni).
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To further optimize the inhibition effect on the tumor growth, the DLI was prolonged
into 12 h. The extension of this DLI is expected to facilitate the distribution of the particles in
the tumor region. Furthermore, several control groups were added, including the rTPA-MITO-
Porter without irradiation, empty MITO-Porter with irradiation, and free rTPA with irradiation.
The evaluation was conducted using a single treatment process, with the same experimental
design with the previous evaluation except in the DLI. As expected, treatment with the rTPA-
MITO-Porter without irradiation and empty MITO-Porter with irradiation resulted in negligible
antitumor activity (Figure 3-5 A & C). In contrast, efficient and significant inhibition of the
tumor growth was observed in the group that received treatment of the rTPA-MITO-Porter
with the irradiation process. Moreover, the antitumor activity of rTPA-MITO-Porter with 12 h
DLI was relatively more potent than 6 h DLI, indicating the correlation between DLI and
particle distribution.

Interestingly, the treatment of free rTPA with irradiation also produced an inhibition
effect on tumor growth, as indicated by a slight decrease in the tumor volume at the end of the
observation day. It could be associated with the ability of the rTPA in inducing the production
of singlet oxygen during the photoirradiation process. However, the effectivity of the free rTPA
in inhibiting tumor growth was significantly lower contrasted to the rTPA-MITO-Porter,
indicating the importance of the MITO-Porter as a carrier system for optimizing the
performance of the rTPA. Furthermore, there were no significant changes in the body weight
of the animals during the treatment process (Figure 3-5 B), indicating the safety aspect of the

treatment.
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Figure 3-5 The antitumor evaluation using 12h DLI. A. Tumor growth profiles of different treatment
groups; B. The change in bodyweight during treatment; C. The representative photographs of SAS cell-
bearing mice after receiving different treatments. The error bars indicate S.D. (n = 4-6, n.s. = not
significant, *p<0.05, **p<0.01 by ANOVA followed by SNK-test).

3.2.4 Evaluation of PDT-induced Mitochondrial Damage

After obtaining a remarkable antitumor activity through a single PDT treatment, the
investigation was continued by evaluating the effect of the PDT process on the mitochondrial
membrane potential of tumors. This evaluation was performed using tetramethylrhodamine
methyl ester (TMRM), a specific fluorescence probe for the detection of mitochondrial
membrane potential status. This probe can effectively accumulate in the negatively charge
polarized mitochondria and produce a strong red-orange fluorescent signal upon excitation.
When the mitochondrial membrane becomes depolarized, the probe is dispersed in the cytosol,
and the fluorescent signal significantly diminishes.

In this evaluation, tumor tissues from the rTPA-MITO-Porter and HBG treated mice were
collected and stained with TMRM solution, followed by CLSM observation to detect the
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TMRM fluorescence signal. As shown in Figure 3-6, the intense red fluorescence signal of
TMRM was observed in the HBG treated group, indicating the healthy mitochondrial condition.
In contrast, the fluorescence signal was remarkably diminished after the PDT treatment of the
ITPA-MITO-Porter, suggesting the decrease in mitochondrial membrane potential. The
fluorescence intensity was further quantified using ImageJ software. As a result, the mean
fluorescence intensity of TMRM was 1.9 times lower for the rTPA-MITO-Porter group in
comparison to the HBG group. This result suggests that the PDT process of the rTPA-MITO-
Porter effectively induced depolarization on the mitochondrial membrane. This result also
further confirms that the photochemical reaction was localized inside the mitochondrial

compartment of tumors.
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Figure 3-6 The mitochondrial membrane potential after PDT treatment. A. The representative CLSM
images of tumor tissues from mice treated by HBG and rTPA-MITO-Porter with 20 minutes light
irradiation process; B. The mean fluorescence intensity of TMRM, calculated by ImageJ software from

randomly selected CLSM images. Error bars indicate S.D. (n = 20, **p<0.01 by unpaired T-test).
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3.3 Discussion

In the previous chapter, the novel mitochondrial targeting PDT system has been
successfully constructed with robust cell-killing capacity through the activation of the
apoptosis cell death. Encouraged by that promising results, the translation process for the in
vivo application further proceeded to evaluate the effectivity of this system in treating human
tumor xenografted on the mouse model. In this study, the superficial type of human malignant
cell, namely SAS cell, was chosen and inoculated subcutaneously on the immunodeficient
mouse. The selection of an immunodeficient mouse was to minimize the rejection reaction by
the mouse immune system toward the human cancer cell line. From the formulation design
process, the alteration on the helper lipid composition and the total lipids’ concentration
produced in insignificant changes on the particle size and surface characteristics. Furthermore,
the amount of encapsulated rTPA inside the MITO-Porter system was significantly increased
by more than 5-folds to 37.6 + 5.3 uM, which is suitable for the in vivo application.

Before evaluating the antitumor activity of this high lipid content rTPA-MITO-Porter
containing Chol, several in vitro evaluation processes were conducted to verify the
mitochondrial targeting ability and the phototoxicity profile of the particle. Based on the in
vitro intracellular trafficking study and cytotoxicity evaluation on SAS cells, it was found that
the alteration on the rTPA-MITO-Porter formulation did not affect the mitochondrial targeting
ability and its phototoxicity profile. Therefore, the high lipid content rTPA-MITO-Porter
containing Chol was further adopted for the further in vivo antitumor evaluation.

The antitumor activity evaluation was conducted by administering the rTPA-MITO-
Porter via intratumoral administration. This administration route was chosen due to the location
of the target tumor on the surface of the body. Moreover, the local administration provides
lower systemic effects caused by off-target accumulation. By using a 6 h interval between drug
administration and light irradiation process or DLI, a significant inhibition on the tumor growth
was observed in the mice group that received the rTPA-MITO-Porter treatment.

In the ideal condition, the antitumor effects of PDT derive from three inter-related
mechanisms of the direct killing effect through tumor cell necrosis or apoptosis, the shutdown
of microvessels, and the activation of the immune response (19). However, in this PDT
evaluation model, the effects mainly rely on the direct killing capacity of the rTPA towards
tumor cells with an insignificant impact on the microvessels and negligible activation of the
immune system due to the local administration and the use of an immunodeficient mouse,

respectively. Based on this analysis, the distribution of the particles should be considered as
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the most critical aspect of optimizing the cytotoxic effect. The prolong DLI may be required to
facilitate better particle distribution inside the tumor region. Therefore, 12 h DLI was adopted
for further antitumor activity evaluation.

By applying 12 h DL1I, the more prominent cell killing capacity of the rTPA-MITO-Porter
was obtained, as indicated by stronger suppression on the tumor growth as opposed to 6 h DLI
and the other control groups. The robust antitumor activity of the rTPA-MITO-Porter was
achieved by the specific localization of the photochemical reaction in the mitochondrial
compartment of tumors. It was further reinforced by the finding of the depolarization on the
mitochondrial membrane during the PDT process of the rTPA-MITO-Porter, as indicated by

the significantly diminish of the TMRM fluorescence signal.

3.4 Summary and Conclusion

The rTPA-MITO-Porter consisting of DOPE and Chol with the total lipids’ concentration
of 2.75 mM and 10 mol% R8 was observed to be the best candidate for the PDT in vivo
application. This particle exhibited comparable particle characteristics, mitochondrial targeting
ability, and phototoxicity profile in comparison to its counterpart, which contains SM as the
helper lipid with the total lipids’ concentration of 0.55 mM. Based on the antitumor activity
evaluation, a single PDT of the rTPA-MITO-Porter with the rTPA dose equivalent to 8.2
ug/mouse produced a remarkable antitumor activity with negligible systemic toxicity.
Furthermore, the depolarization of the mitochondrial membrane was observed after the PDT

process, suggesting the realization of mitochondrial delivery of the rTPA-MITO-Porter.
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CHAPTER 4
CONCLUSION AND FUTURE PERSPECTIVE

4.1 General Conclusion

A novel mitochondrial targeting PDT system, namely the rTPA-MITO-Porter, has been
successfully constructed by the incorporation of a n-extended porphyrin-type photosensitizer,
namely rTPA, into a MITO-Porter system. The synergistic combination between these two
components leads to remarkable cell-killing capacity by inducing the activation of the
apoptosis cell death. The relatively low ECsp value was obtained against two different types of
human cancer cell lines, indicating the effectivity of this system. Furthermore, the notable
antitumor activity was observed by utilizing a single PDT process of the rTPA-MITO-Porter
with minimal systemic toxicity, as indicated by the negligible alteration of the bodyweight of
the mice during the treatment. The inhibition of the tumor growth mainly derives from the
direct killing effect of the rTPA-MITO-Porter towards the malignant tissues. Additionally, the
depolarization of the mitochondrial membrane was detected after the PDT process of the rTPA-
MITO-Porter, suggesting the specific localization of the photochemical reaction inside the
mitochondrial compartment of tumor tissues as well as the recognition of the mitochondrial
delivery of the rTPA compound. Finally, this novel mitochondrial targeting PDT system
demonstrates a promising feature for treating the superficial-type cancer cells through the

photochemical reaction process.

4.2 Future Perspective

As was mentioned in Chapter 3, the PDT effect could be derived from three interrelated
mechanisms, i.e., the direct killing effect, the shutdown of microvessels, and the activation of
the immune response. In this study, the PDT effect mainly relied on the direct killing effect of
the rTPA-MITO-Porter during the photoirradiation process through the production of an
excessive amount of singlet oxygen, specifically in the mitochondria of tumor tissues. The
activation of the other two mechanisms could further improve the PDT effectivity. It could be
accomplished by using systemic administration of the rTPA-MITO-Porter in the
immunocompetent mouse model. Therefore, further formulation design is needed to improve

the blood circulation and tumor accumulation profile of the rTPA-MITO-Porter system. For
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example, the introduction of polyethylene glycol (PEG) or several tumor-specific ligands on
the surface of the rTPA-MITO-Porter can be a promising strategy for improving tumor
accumulation profile after systemic administration. Lastly, the activation of the immune
response during the PDT process could be evaluated by using an immunocompetent mouse
model.
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