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Enhancing the Anticancer Activity of Photodynamic
Therapy with Dual Photosensitizers Incorporated

Nanoparticle Design

Abstract

Photodynamic Therapy (PDT) is a kind of light therapy for the treatment of
important diseases that the world is fighting, such as cancer and infection. After the
application of light-sensitive and non-toxic agents to the diseased tissue, light
applications provide the death of the diseased cells. Thus, PDT is a therapeutic and
curative method. The use of PDT for the treatment of different types of cancer is
quite common. It has been the subject of many cancer types of research because it
has minimal side effects and it is not possible for the disease to develop resistance as
a result of the natural progression of its mechanism. Today, nanoparticle technology
is used in many studies examining the anticancer activity of PDT. Different types of
nanoparticles are used with different designs for diagnosis and treatment purposes. It
increases the effectiveness of PDT in many ways. It provides many advantages such
as the successful transfer of photosensitive agents to the diseased tissue and
accumulation only in the target cells or preventing their activation before light
application. In this study, the effectiveness of PDT was increased on PC3 prostate
cancer by the creation of a dual nanoparticle and laser system design. Mesoporous
silica nanoparticles (MSN) have been used as a carrier because of their specific
physical properties such as biocompatibility or tunability. MSN nanoparticles were



formed with Chlorin e6 (Ce6), then indocyanine green (ICG) was loaded into the
pores of MSN. The formed dual photosensitizer incorporated nanoparticles were
simultaneously excited with the wavelengths of 655 and 808 nm, and anticancer
activity was investigated. Dual photosensitizer incorporated nanoparticles at 25, 50,
and 100 pg/ml concentrations were applied to cancer cells. As a result of dual laser
application, increased anticancer photodynamic activity was observed with the
increasing nanoparticle concentrations. Increased PDT effectiveness has been proven

by different analysis methods.

Keywords: Photodynamic Therapy, Chlorin €6, Indocyanine Green, Mesoporous
Silica Nanoparticles, PC3 Prostate Cancer Cells
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Dual Fotosensitizan Iceren Nanoparcacik Tasarmmu ile
Fotodinamik Terapinin Antikanser Etkinliginin

Gelistirilmesi

Oz

Fotodinamik Terapi (PDT), kanser ve enfeksiyon gibi diinyanin miicadele ettigi
onemli hastaliklarin tedavisine yonelik bir tiir 151k tedavisidir. Isi8a duyarli ve toksik
olmayan ajanlarin hastalikli dokuya uygulanmasindan sonra hafif uygulamalar
hastalikli hiicrelerin Sliimiinii saglar. Bu nedenle, PDT tedavi edici ve iyilestirici bir
yontemdir. Farkli kanser tiirlerinin tedavisinde PDT kullanimi olduk¢a yaygindir.
Yan etkilerinin minimal olmas1 ve mekanizmasinin dogal seyri sonucunda hastaligin
direng gelistirmesi miimkiin olmadigr igin birgok kanser arastirmasina konu
olmustur. Gliniimiizde nanopartikiil teknolojisi, PDT'nin antikanser aktivitesini
inceleyen bircok c¢alismada kullanilmaktadir. Teshis ve tedavi amaciyla farkli
tasarimlarda farkli tipte nanopartikiiller kullanilmaktadir. PDT'nin etkinligini bir¢ok
yonden arttirir. Isiga duyarli ajanlarin  hastalikli dokuya basarili bir sekilde
aktarilmasit ve sadece hedef hiicrelerde birikmesi veya 1sik uygulanmadan Once
aktivasyonlarinin engellenmesi gibi bir¢ok avantaj saglar. Bu c¢alismada, ikili
nanopartikiil ve lazer sistem tasarimi olusturularak PC3 prostat kanserinde PDT'nin
etkinligi artirlmistir. Mezog6zenekli silika nanopartikiiller (MSN), biyouyumluluk
veya ayarlanabilirlik gibi spesifik fiziksel ozelliklerinden dolay1 tasiyici olarak

kullanilmistir. Klorin €6 (Ce6) ile MSN nanopargaciklart olusturulmus, ardindan
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MSN'nin gézeneklerine indosiyanin yesili (ICG) yiiklenmistir. Olusturulan ikili 1518a
duyarlilastirici igeren nanopartikiiller, 655 ve 808 nm dalga boylari ile es zamanh
olarak uyarild1 ve antikanser aktivitesi arastirildi. Kanser hiicrelerine 25, 50 ve 100
pug/ml  konsantrasyonlarinda nanopartikiiller igeren ikili 1s18a duyarlilastirict
uygulandi. Cift lazer uygulamasi sonucunda artan nanopartikiil konsantrasyonlari ile
antikanser fotodinamik aktivitenin arttig1 gézlendi. Artan PDT etkinligi, farkli analiz

yontemleriyle kanitlanmustir.

Anahtar Kelimeler: Fotodinamik Terapi, Klorin €6, Indosiyanin Yesil,

Mezogo6zenekli Silika Nanopargaciklari, PC3 Prostat Kanser Hiicreleri
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Chapter 1

Introduction

Cancer has been known for many years as a challenging disease that is difficult to
treat and seriously threatens human life. With the development of technology and
treatment methods, it has now become possible to treat many cancer types under
certain conditions. However, treatment methods such as chemotherapy, radiotherapy,
or surgical methods with known effectiveness cause very serious side effects on
patients. Side effects may cause different complications after the treatment and they
may cause serious risks on the patient's life. The aggressiveness of the disease after
surgical operations, the increase in the rate of spread, or the occurrence of various
infections can be given as examples. For this reason, innovative treatment methods
are being developed in addition to traditional treatment methods for the treatment of
cancer. Photodynamic Therapy (PDT) is a candidate to be used in this sense and is a
treatment method that has minimal side effects. It causes tissue damage on cancerous
tissue by using light-sensitive non-toxic agents together with light. In addition,
because its effective mechanism works with natural processes, it does not show
serious side effects and resistance development. PDT application on prostate cancer,
which is the most prevalent type of cancer among male patients due to the side
effects of traditional treatment methods, is very promising. In addition, the use of
nanotechnology during the delivery of photosensitive agents to cancerous tissue has
become very popular in PDT recently. Thus, the maximum anti-cancer effect can be

observed with the application of light and photosensitive agents at minimum doses.



1.1 Photodynamic Therapy

The concept of photodynamic therapy (PDT) originated in 1900 by the coincidence
of German medical student Oscar Raab and his supervisor Prof. Hermann von
Tappeiner. Oscar Raab and von Tappeiner noticed that a type of aquatic paramecia
died when exposed to sunlight through the window during incubation with acridine
orange [1]. Later, von Tappeiner and Jesionek, a dermatologist in Munich, stained
and illuminated the cells with xanthene dye eosin on a patient with basal cell
carcinoma. This investigation is the first use of PDT in the treatment of a disease and
its discovery as a treatment method [2]. Based on the first experienced applications,
PDT can be defined as the healing of the diseased tissue with the light application
after the light-sensitive dyes penetrate the diseased tissue. Later on, the studies have
progressed in the field of improving the efficacy of PDT on animal models and the
discovery of different photosensitive dyes. The researches so far have highlighted
PDT as a potential therapeutic approach in the treatment of malignant and infectious
diseases caused by microorganisms and will continue to increase the use of PDT in
the future [3].

In PDT, the photosensitive agents should be correctly delivered to the diseased area
of the body with different delivery methods [4]. In this region, the diseased cells are
allowed to uptake the light-sensitive substance for a certain period (incubation time).
After the cellular uptake of light-sensitive agents, the excess of light-sensitive agents
in the environment is removed to provide a selective treatment. After the light is
applied via superficial or interstitial methods to the target area, healing occurs as a
result of damage on diseased cells [4, 5]. As a molecular mechanism, it is complex

and many molecules participate in it that result in apoptosis/necrosis.
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Figure 1.1: Photodynamic Therapy Application Procedure [6]

1.1.1 Molecular Mechanisms of Photodynamic Therapy

PDT is a treatment method that creates biological effects as a result of photophysical
and photochemical processes. PDT has a working mechanism that includes
photosensitive dyes called photosensitizer (PS), light, and molecular oxygen that do
not cause any toxic effects alone but cause phototoxicity when they are present
together. Photosensitizers can induce certain reactions by absorbing specific
wavelengths depending on their molecular structure and transferring this energy to
the surrounding molecules [7, 8]. It causes selective damage and cell death on cancer
cells or microorganisms as a result of the non-thermal photochemical reactions
performed by the PS atoms after which are activated as a result of light application
[8]. Oxygenated harmful products (Reactive oxygen species, ROS) formed as a result
of these photochemical reactions play an important role in the cell death mechanism.
The pathways and reaction types of the photodynamic therapy may vary, depending
on the amount and location of molecular oxygen, the wavelength of the applied light

and the molecular structure of PS [7, 8, 9].

The photodynamic process begins with the absorption of light by the atoms of PS. PS
atoms that are found at the ground state absorb the light energy and jump to the
highly energetic excited state. This level is called the singlet excited state and is the

short-lived level for PS atoms. These excited atoms want to return to their stable



forms at the ground state. For this reason, PS atoms return to the ground state by
emitting light (fluorescence) or with internal conversion and they release their
energy. These conditions are not among the reactions that play a role in the PDT
mechanism but fluorescence can use fluorescence imaging or measure the
pharmacokinetics and distribution of the PS [10]. PS atoms found in singlet excited
state, besides the mentioned photophysical events mentioned before, can go into a
process called intersystem crossing. In the intersystem crossing process, PS atoms in
the singlet excited state can switch to the level called the triplet excited state, and
they cannot easily return to the ground state due to the parallel spins of excited
electrons at this level (spin-forbidden process). For this reason, the duration of PS
atoms is long-lived according to the singlet excited state. But even triplet excited PS
atom can return the ground state and it can emit light (phosphorescence). Triplet
excited state PS atoms may react with the biological substrate and oxygen, partly
because they stay longer at that excited state, creating oxidative damage, which is the
natural damage mechanism of PDT [10, 11, 12]. In the PDT mechanism, the reactive
oxygen species (ROS) that cause the photodynamic effect takes place through two
different photochemical reaction pathways called Type | Reactions and Type I
Reactions (13).

In the Type, | mechanism, oxygen or hydrogen transfer occurs between triplet
excited state PS atoms and cellular substrates. As a result, radical anions or cations
can be formed directly or indirectly. Electron transfer with molecular oxygen creates
a superoxide anion, which is not toxic alone for biological systems. Superoxide anion
plays a role in different reactions involving hydrogen peroxide and oxygen
formation. Hydrogen peroxide plays an important role in the formation of hydroxyl
radical, which has biological toxicity. Hydroxyl radicals can easily pass through cell
membranes and create cellular damage with diffusion logic. In other words, it can
bind to organic substrates such as fatty acids or lipids and oxidize them and the
resulting products become reactive. All these reactive products can react with
different substrates so that cellular destruction can continue in a cascade of reactions.
Since hydrogen peroxide, like hydroxyl radical, can easily pass through cell
membranes, both radicals also can damage the organelles in the cytoplasm of the
cells. Also, highly reactive hydroperoxyl radicals can be formed by the reaction of

superoxide with nitric oxide, which is also a radical [10, 13, 14]. The Type |



mechanism usually takes place in the presence of a low concentration of molecular
oxygen. Increasing oxygen compensation to high levels can trigger Type Il

mechanisms as well as Type 1l mechanisms [9].

Type 1l mechanisms are more likely to occur in biological structures with high
oxygen concentrations [9]. Often organic substrate molecules are found in the singlet
ground state, whereas oxygen is present in the triplet ground state. For this reason,
energy transfer occurs easily between excited triplet state PS atoms and ground
triplet state oxygen atoms (spin-allowed). As a result of this energy transfer, reactive
singlet oxygen radicals are produced [10, 15]. The reactive singlet oxygen attacks the
cellular components of microbial and malignant cells such as nucleic acid, lipid, or
protein, causing irreversible cellular destruction. These cellular inactivations and
destructions are spatially limited and selectively occur in the environment in which it
occurs [16]. These two mechanisms can proceed simultaneously in the biological
structure. Which type of reaction is dominant and lethal depends on many properties
such as PS structure, the oxygen concentration of the environment, amount of
substrate, tissue dielectric constant, or pH. These features also affect the success of
PDT [8, 10, 16].

Creating an ideal PDT mechanism and an effective photodynamic effect does not
depend only on these properties. The light sources and PSs that are used need to be

examined separately.

Excited singlet state
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Figure 1.1.1: Molecular Mechanisms of Photodynamic Therapy [17]

1.1.2 Light Sources

In PDT applications, the properties of light vary according to the location of the
target tissue in the body and the absorption band of the PS used [18]. Optimizing the
wavelength, energy density, and power of the light used is necessary for an effective
PDT mechanism. The wavelength range of 600-850 nm is preferred in these types of
light therapies and it is called the therapeutic window. Because wavelengths in this
range have the photon energy that can stimulate PS atoms [7, 19]. Besides, the longer
wavelengths can penetrate the tissue easily and deeply. For this reason, light sources
with longer wavelengths are preferred in PDT applications for deeper treatments
[20]. Laser devices, LEDs, lamps, and daylight can be used as light sources in PDT
applications [21, 22]. However, it has been shown by different studies that laser light
provides an advantage over other light sources and creates a more effective
photodynamic effect because of its unique properties such as being monochromatic
and coherent [22, 23]. Specific apparatus for surface illumination or optical fibers

can be used to transmit light to the target area to be applied [15].
1.1.3 Light Sensitive Agents

In a basic sense, PS is called the chemical substance that allows light transfer in its
environment. Many natural or synthetic PS agents have been produced for PDT, such
as chlorophyll derivatives from plants or bacteria, or synthetic dyes and porphyrins
[24]. PSs are divided into 3 classes according to their temporal development. First-
generation PSs (hematoporphyrin derivatives), second-generation PSs (porphyrinoid
derivatives, 5-aminolevulinic acid, chlorins, phthalocyanines, etc.), and the last class
are third-generation PS (combination with targets or surface markers of available
PSs) were developed. Different types and structures of PS have been developed such
as chlorin 6 (Ce6), indocyanine green (ICG), methylene blue (MB), toluidine blue
ortho (TBO) due to the previous generation's deficiencies such as instability,
insolubility in water, or inability to provide selectivity [9, 16, 25]. Creating an ideal
PS is a field that has acquired a wide range of study today. Most researchers are
working on different methods to create excellent properties such as low dark toxicity,

high chemical stability, and high quantum yield of singlet oxygen, water-solubility,



high photochemical reactivity, proper different administration, or preferential uptake
by target tissue [25, 26].

1.1.4 Pros and Cons

Photodynamic therapy is a very advantageous technique for the treatment of cancer
and infection with minimal side effects. Nevertheless, it has still some drawbacks
that need to be improved. For example, the location of PS in the cell and its role in
photodynamic activity cannot be ignored. Having the ROS level in the cells up to a
certain level is a condition that activates the cell survival mechanism and promotes
cell proliferation. But if the ROS level exceeds a certain level, it can disrupt the
oxidative balance in the cell and cause cell death [27]. The diseased cells are highly
sensitive to ROS production due to abnormal metabolic activity [28]. Therefore,
ROS-mediated therapeutic approaches can damage the diseased cells more
effectively than the healthy cells. In addition, the fact that oxygen is an indispensable
element for most biological systems and PDT has an oxygen-dependent mechanism
so it is a treatment that cannot develop resistance by diseased cells such as cancer
cells or bacterial cells [29]. One of the biggest advantages of the PDT operating
mechanism is that it can be localized in a specific region. The high metabolic
activity, thus the oxygen concentration in the diseased tissue, and the selective
accumulation of PS in the diseased tissue ensure that PDT causes minimal damage to
the healthy tissue [10, 16, 28, 30]. In addition, in the PDT mechanism, depending on
the intracellular localization of PS, multiple death pathways can be triggered. The
localization of PS in the cell determines the localization of ROS. For example, ROS
formed in the cell membrane can result in cell membrane destruction and cell
integrity disruption, resulting in cell necrosis. ROS damage to the mitochondria may
result in apoptosis, and ROS damage created in the lysosome and endoplasmic
reticulum may result in autophagy [8, 31]. In the diseased cells, even a small amount
of all these damages alone or together may be sufficient for cell death. Researchers
have proved with different chemical methods and gene analysis which type of cell
led to death [32]. This shows that PDT has a very strong working mechanism. In
addition, since most PS is not stored in the nucleus, the possibility of DNA damage is
low, which may give an idea that no mutations or cancers will occur in the healthy

cells [16]. These situations are perfectly acceptable for PDT applications. However,



like any treatment mechanism, some points need improvement in PDT. This also

offers researchers a working window.

Two issues need improvement in the PDT mechanism; the effect of light decreases as
it reaches the deeper tissues and the location of PS in the desired tissue. Longer
wavelength laser light is preferred to preserve the effectiveness of the light in deeper
tissues. The penetration capacity of longer wavelength laser light is higher [33]. In
addition, this situation is tried to be improved with the developed fiber optic systems
and endoscopic methods [34]. Studies are carried out on the localization of PS in the
desired tissue and increase its selection and selectivity [35, 36]. Developing the
structures of available PSs by pharmacological means, using them as combinations
with different chemicals, adding specific target molecules to the target tissue, or
creating PS-nanoparticle structures by nanotechnological methods are widely used
methods [36]. Concerning the current study, adding PS to nanoparticles with
different physical and chemical methods or using them with nanoparticles increases
the efficiency of PS considerably.

1.2 Nanoparticles

Organic or inorganic nano-engineered structures with a size range of 1-1000 nm are
called nanoparticles. Nanoparticles are very convenient to use due to their positive
aspects such as particle size, shape, porosity, and monodispersibility features that can
be easily controlled [37]. Nanoparticles are used in many different fields such as
agriculture, industry, technology, engineering, pharmacy, and medicine. Due to their
superior features, they can be integrated into any area. It can be used for many
purposes such as diagnosis, treatment, imaging, drug release, and drug transport in

medicine and pharmacy.
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Figure 1.2: Usage Areas of Nanomaterial Technology [38]
1.2.1 Nanoparticles in Photodynamic Therapy

The use of nanotechnology to increase the effectiveness of drugs used for treatment
and diagnosis purposes in medicine is a very promising field. The important agents
of nanotechnology that can be used in PDT are the nanoparticles that have been
created for different purposes. The advantages of using nanoparticles in PDT are
numerous; to create enhanced permeability and retention (EPR) effect, the
transporting of hydrophobic PSs to the target tissue without degradation, increasing
the selectivity, increasing the ROS-forming capacity, improving the water solubility
of less soluble PSs, reducing undesirable side effects, etc. [39]. PS can be added to
the structure of the nanoparticles in covalent and non-covalent ways during or after
synthesis. In covalent bonding, the PS-nanoparticle structure is formed by the way of
chemical bonding. Liposomes, dendrimers, or solid nanoparticles are PS-conjugated
nanoparticle structures that are examples of covalent bonding. In the non-covalent
addition method, the most commonly used strategies are encapsulation and
incorporation. Liposomes, micelles, gold nanoparticles, polymer nanoparticles,
ceramic nanoparticles, or carbon nanotubes are examples of this type of bonding
nanoparticle structure [40, 41]. In addition to these, the use of new generation

upconversion nanoparticles (UCNP) in PDT, which is considered to be very new



technology, is expanding. UCNP can convert the energy coming from the photon. In
other words, it absorbs the incoming light during light application and emits another
radiation with higher energy than the incoming light has. In addition, it increases
PDT efficiency in deeper tissues since it absorbs longer wavelengths and emits more
energetic light [42]. It increases the selectivity with different target elements or can
be combined with different treatment methods as well as PDT with the addition of
drugs [43]. The nanoparticles used can be of organic or inorganic origin. Organic
structures such as liposomes and polymeric micelles have a high carrying capacity
and predictably biocompatible structure in hydrophobic PSs. This means that organic
nanostructures alone do not cause any toxicity to biological structures, as predicted.
But it only has a limited variety with lipids and some polymers. For this reason, the
use of inorganic structures in nanoparticle production has become widespread [44].
Silica, polystyrene, ceramic, magnetic, gold, silver, carbon nanotubes are examples
of inorganic nanomaterials. Mesoporous silica nanoparticles are widely used
nanoparticles among inorganic nanoparticles. It is very advantageous in terms of its
easily adjustable size, biocompatibility, porous structure, and large surface area. Due
to its large surface area, it easily allows various functional groups to be incorporated
into the nanoparticle structure. Thus, they can be functionalized with different

agents.

1.2.2 Mesoporous Silica Nanoparticles in Photodynamic

Therapy

Silica is an inorganic material and its main components are sand and glass. It is
preferred in nanoparticle production, as it is very suitable to be configured with
different functional groups [45]. On the other hand, it allows many PSs to be
incorporated into its structure by the physical and chemical methods mentioned
above [40, 41]. It is very advantageous to be biocompatible with biological structures
[46]. Unlike other nanoparticles, there is no deterioration in its structure due to pH
change. The structure, size, and shape of the pores can be easily controlled [47, 48].
PS added to its structure prevents easy release and its porous structure is molecularly
permeable. This indicates that the desired PS's photocatalysis capability will be
preserved [49]. In addition, being transparent and not absorbing any radiation do not

influence the structure and characteristics of the light that is used [50]. For these
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benefits, quite novel silica nanoparticles have been developed in anticancer and

antibacterial PDT researches.

Even the presence of MSNs in the same environment without chemical or physical
bonding with the PS has been shown to increase the effectiveness of PDT [51].
Based on this idea, it is thought that using MSN-PS interaction in PDT can create
quite different advantages. Then, it has been reported that the capacity of silica
nanoparticles to carry different dyes is favorable. They showed that for the PDT
mechanism, the photophysical properties of the dyes do not change and there are
different dye loading methods [52]. In the comparative study of Amin and Kaduskar,
they formed a system by adsorbing toluidine blue ortho and methylene blue
separately to mesoporous silica nanoparticles. They performed antibacterial
photodynamic applications on E. coli, P. aeruginosa, and S. aureus bacteria with
these MSN-PS systems upon irradiation with 620 nm red light, and they succeeded in
the inhibition of the growth of each bacterial strain with different application
parameters [53]. Parasuraman et al.investigated the effect of planktonic antimicrobial
and antibiofilm in their biofilm forms on two different bacterial strains by
encapsulating toluidine blue ortho photosensitizer into mesoporous silica
nanoparticles. When TB-MSN was stimulated with a 670 nm red diode laser, they
showed a decrease of 5.03 and 5.56 log in CFU/mL of planktonic P. aeruginosa and
S. aureus, respectively. In addition, in their biofilm forms, they provided 66.39% and
76.22% inhibition of biofilm formation, respectively. The antimicrobial and
antibiofilm effects of TB alone on each strain and biofilms were almost doubled with
the use of MSN [54]. Sun et al. produced composite membranes with the
electrospinning method by charging mesoporous silica nanoparticles with methylene
blue. They achieved a strong antimicrobial photodynamic effect (<3%) with 660 nm
red light application on gram-positive and gram-negative bacterial strains. This idea
shows that MSNs and PDT applications are also available in different areas such as
packaging besides medicine purposes [55]. Mirzahosseinipour et al. showed a
wound-healing effect in healthy cells with the scratch assay. Results showed as well
as a decrease in bacterial cell viability with 465 nm light in planktonic gram-positive
S. aureus, gram-negative P. aeruginosa and their biofilm forms on curcumin-loaded
silica nanoparticles [56]. The success of MSN-PDT applications not only on bacteria

but also in destroying fungal pathogens is presented as in vitro studies. Parasuraman
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et al. conducted an antimicrobial photodynamic therapy with MSN and rose bengal
(RB) conjugated functional nanoparticle structure and green light with very low
power of 50 mW on Candida albicans strains, which can be a source of infection.
They achieved 88% and 80% reduction rates on planktonic and biofilm, respectively.
This study has presented that the MSN-RB-PDT strategy has a high potential in the
use of fungal infections as a treatment method or the sterilization of fungal pathogens
[57].

Besides its use in antibacterial PDT, mesoporous silica nanoparticles are more
common in the treatment of different localized tumors. The role of MSNs in the use
of PDT for anticancer purposes is much more important. Because, as mentioned in
detail above, selective accumulation of PS in cancerous tissue or delivery of PS is
one of the important points to be improved in PDT. Recent studies have shown that
the use of MSN for these purposes changes the results positively [58]. Kuang et al.
loaded curcumin, which has low bioavailability, to PEGylated MSNs. With MSN
PEGylation, they ensured the escape of nanoparticles from phagocytosis and
developed the low-bioavailability and poor solubility problem of curcumin with
MSNs. Enhanced anticancer PDT was obtained in PDT groups using MSN-PEG @
Cur compared to PDT groups treated with curcumin-mediated 430 nm light
application alone [59]. In another study, MSN nanoparticles were loaded with Ce6
for photodynamic effect and DOX for chemotherapeutic effect. They also provided
specific targeting to cancerous cells with hyaluronic acid conjugation. They observed
an increasing decrease in the cell viability with increasing nanoparticle concentration
on squamous cell carcinoma cells with 670 nm light application [60]. In a similar
study combining chemotherapy and PDT on the same platform, cisplatin-resistant
lung cancer cells were destroyed by loading Ce6 and cisplatin to MSNSs. This study
showed that cancer cells that develop resistance to different therapy methods can
break the resistance mechanism with the help of PDT [61]. Han et al. reported the
use of MSNs with different nanoparticles as well as PS loading. Two MSNs shells
were created on the upconversion nanoparticles, the first MSN shell containing
methylene blue and the second MSN containing rose bengal. The UCNP has been
shown to emit two wavelengths; 660 nm red light for methylene blue excitation and
540 nm green light for rose bengal excitation as a result of the application of 808 nm

NIR laser light. DOX drug was conjugated to the pores of this structure containing
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dual PS for chemotherapy and cyclodextrin to the surface. Thus, DOX drug release
could occur as a gatekeeper in the acidic environment of the cancer cell. According
to the results of in vitro and in vivo studies, it was understood that chemo/PDT
application is more advantageous than PDT alone or chemotherapy alone [62]. For
specific targeting to specific cancer tissue, MSN nanoparticles were coated with
membranes obtained from the cancer tissues after photosensitizing loading. This
application, which is quite new and specific, showed more effective results as a result
of irradiation compared to groups without membranes [63]. In addition, like
advanced technology, by adding photosensitizers and carbon dot or radiolabel agents
to MSNs, imaging and treatment purposes are provided at the same time in cancer
treatment. It has been shown in the studies that the structure of the MSN is suitable
for the different methods mentioned [64, 65]. There are also anticancer PDT studies

with MSNs on prostate cancer, which is the focus of the current study.

1.3 Photodynamic Therapy for Cancer Treatment

Cancer occurs when abnormal cells in the body divide and multiply uncontrollably.
Cancerous cells can spread to different parts of the body by transport and cause
cancer metastasis. Cancer can occur in many tissues of the human body. Many
people in the world who are fighting against different types of cancer lose their lives.
Prostate cancer has recently been the second most common type of cancer in men
worldwide. Although many cases and deaths were detected in 2020, the risk of
having prostate cancer in a man's life was announced as 11.6% [66]. There may be a
certain survival period in localized prostate cancer, whereas in advanced prostate
cancer, that is, prostate cancer that recurrence after a certain treatment is fatal [67].
Surgical application, chemotherapy, and radiation therapy are generally quite
common, like any other type of cancer. Although these methods are successful, side
effects that reduce the quality of life such as urinary symptoms and sexual
dysfunctions may occur in patients after the procedures [68]. For these reasons, the
use of PDT in the treatment of prostate cancer is very old. The first use of PDT in
urology was in 1975 with the application of hematoporphyrin on human bladder
carcinoma by Kell et al. [69]. Later, PDT applications with porphyrin derivatives
have increased in this area and strategies have been developed that target not only

tumor cells but also the vessels that provide blood transmission to them [70, 71].
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Looking at current studies, we can see studies in which PDT is supported alone or
with MSNs-mediated agents. In a study conducted on human colorectal cancer,
effective results of PDT applied with 5-aminolevic acid were reported [72]. They
obtained effective photodynamic results at doses of 300 ug/ml and 1-5 mg/ml,
respectively, on colon carcinoma and the prostate bacterium E. coli of the structure
formed by encapsulating protoporphyrin 1X into mesoporous organo-silicas [73].
Bouffard et al. associated MSNs with targeting biomarkers, reducing the incubation
time, and increasing cell death [74]. With the development of new PSs and the
creation of 3rd generation PSs, trials have been made on the prostate [75, 76].
Particle size, pore structure, shape, and content of the nanoparticle used are very
important for cytotoxicity and PDT application [77].

This study, it was aimed to create phototoxicity on prostate cancer cells by
improving the efficacy of PDT with dual photosensitizer incorporated nanoparticle
design and dual laser application. For this, Ce6 and ICG photosensitizers were
loaded into MSN nanoparticles. Taking advantage of the positive properties of
photosensitizers, the negative properties were eliminated with the nanoparticle
design. The concentrations of photosensitizers used with the nanoparticle design
were reduced to minimum levels and increased the uptake of photosensitizers into
the cancer cells. In addition, a dual laser system has been installed that will enable
655 nm and 808 nm laser devices to be focused on the same point. By simultaneous
excitation of the nanoparticle system with 655 nm and 808 nm of wavelengths, the
PDT efficiency was increased. In addition, loading the dual photosensitizers into the
same nanoparticle also reduced the nanoparticle concentration and light dosage.
Thus, maximum PDT efficiency was achieved with a dual nanoparticle and dual laser
system. The viability, ROS analysis, mitochondrial membrane potential analysis,
nitric oxide analysis, cellular uptake, acridine orange/propidium iodide, and DAPI
results showed that this study is very useful and promising for in vivo or clinical

research.

14



Chapter 2

Materials and Methods

This study had three main steps in general. The applications are described below as a
summary in Figure 2. To improve photodynamic therapy and increase its anticancer
activity, firstly, the creation of a dual structure photosensitizer was carried out. The
production of dual-structured nanoparticles includes three steps in itself. In the first
stage, Ce6 loaded mesoporous silica nanoparticles (MSN-Ce6) were produced by
adding Ce6 photosensitizer to the mesoporous silica matrix. After morphological,
size/surface charge analysis, and spectroscopic analyzes were performed on
nanoparticles, Ce6 loading amount was determined. Afterward, the surface was
coated with hyper-branched cationic polyprepylemine polymer (PPI) to increase the
amount of ICG to be loaded on the MSN-Ce6 nanoparticles and to provide a positive
surface charge on the nanoparticle. After the surface coating, morphological and
size/surface charge analysis was repeated on the so-called MSN-Ce6@PPI
nanoparticles to observe the changes of the PPI coating on the nanoparticle.
Nanoparticle synthesis was completed with ICG loading, which was the last step of
the dual structure nanoparticle synthesis part. After loading different amounts of
ICG, the loading capacities of the nanoparticles were determined by performing
spectrophotometric analyzes. In addition, surface charge and hydrodynamic diameter
analyzes of charged nanoparticles were performed. After the completion of the

nanoparticle synthesis part, cell viability analyzes of nanoparticles were performed
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on healthy fibroblasts and prostate cancer cells. By utilizing the results of the
viability analysis, anticancer PDT applications were carried out using the dual laser
system and dual nanoparticles at the determined concentrations. In the determined
groups, the uptake of nanoparticles into the cell, the amount of ROS formed, the
changes in the mitochondrial membrane potential, the amount of nitric oxide release,
the temperature changes during the light applications, the imaging of live/dead cells,
and the examination of the nuclear structures of live/dead cells were performed.
m’:ﬂfﬂm (surface charge) and Hydrodynamic
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Figure 2: The progress of the study, the methods and, their characterizations

2.1 Cell Culture

PC3 human prostate cancer cell line (ATCC# CRL-1435, Manassas, VA, USA) was
used in this current study. The cells were allowed to grow for proliferation in 75-cm2
tissue culture flasks in RPMI-1640 solution, containing 1% L-Glutamine, 10% Fetal
Bovine Serum solution, and 1% Penicillin-Streptomycin at 37°C and 5% CO2
humidified atmosphere. The medium was renewed every 2 days for 7 days. Cells
incubated for 7 days were found to have a confluency level of 80% and above.
Proliferated cells in single layer form were removed from the surface with Trypsin-
EDTA 0.05%, containing 0.02% ethylenediaminetetraacetic acid (EDTA) after
washing with PBS. To be used in experiments, 10000 cells per well were seeded in a

96-well plate.
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L929 fibroblast cells which were supplied from Izmir Katip Celebi University
Scientific Research Laboratories were grown in 75cm2 flasks at 37°C and 5% CO2
humidified atmosphere to form a single layer. DMEM was used as a growth medium
that was containing 1% L-Glutamine, 10% Fetal Bovine Serum solution, and 1%
Penicillin-Streptomycin. The cells reaching the single-layer form were subjected to
the above-mentioned trypsinization processes. The cells collected by trypsinization

were seeded in 96-well plates, as 10000 cells per well.

2.2 Preparation of Chlorin €6 and Indocyanine Green

Incorporated Mesoporous Silica Nanoparticles

2.2.1 Synthesis of MSN with Chlorin e6

Chlorin e6 (Ce6) and indocyanine green (ICG) were used as photosensitizers in this
study. Ce6 can absorb light strongly at a wavelength of 414 nm and 650 nm in the
absorption band with high efficiency. It also has high stability, but the penetration
depth in the tissue is low. ICG can absorb 800 nm of wavelength in the absorption
band and has a high penetration depth in the tissue. However, due to its anionic
structure, its capacity to enter the cell is low. In addition, photobleaching may occur
in the bloodstream in a short time. The positive properties of both photosensitizers
were used and the negative properties were eliminated by combining them within the
MSN structure. For this reason, dual-structured MSNs have very different properties

than those of free photosensitizers alone.

In the preparation of dual structured nanoparticles, tetraethylorthosilicate (TEOS)
and hexadecyltrimethylammonium bromide (CTAB) directed to pore formation was
used as silica source. Before the synthesis of MSNs, Ce6-APTES reactants were
formed. 0,77 mg of Ce6 (1.3 umol) was dissolved in 500 pl of dichloromethane
(DCM), 1 pL of 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide (EDC) acting as a
catalyst was added. The mixture was vortexed until homogenized. Then, 5 pL of
aminopropyltriethoxisilane (APTES) was added to the mixture. The reaction was
stirred in an inert environment and room temperature for 24 hours to obtain Ce6-

Aptes reactant. In the MSN synthesis solution, it was prepared using TEOS: 210 pL,
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CTAB: 0.04 g, NaOH: 0.01 g, EtOH: 3.6 mL, H20: 16 mL. Ce6-APTES reactant
was combined with the synthesis solution and TEOS was added. The mixture was
left to stir in a dark environment for 24 hours at room temperature. The day after the
synthesis was completed, the solvent extraction of MSN-Ce6 was carried out with
2% (w/v) ammonium nitrate-ethanol solution by applying centrifugation-sonication
processes. Ce6-MSNs were dried to be used in the next steps and stored at room
temperature. In this way, Ce6 photosensitizer was added to the MSN matrix and
named MSN-Ce6.

2.2.2 Surface Modification of MSN-Ceb6 with
Polypropylemine

MSN-Ce6 nanoparticles have been modified with a hyper-branched cationic
polypropylemine polymer (PPI) by applying the surface augmentation method to
eliminate the disadvantage of ICG's anionic characteristics and to increase the
loading capacity of ICG. Dry MSN-Ce6 nanoparticles were used in the PPI surface
modification process. 50 mg of MSN-Ce6 nanoparticles were placed in a tube and
vacuumed for 30 minutes. It was dispersed in 5 mL of toluene at room temperature
for 20 min. 5 pL acetic acid and 30 pL azeditine were added to it. The solution was
left to stir at room temperature for 48h. After 48h, the solution was centrifuged at
4.500 rpm for 5 min at 18°C. The supernatant was removed from the sample and the
pellet was dispersed in 8 mL absolute ethanol. Centrifugation (10.000 rpm, 10 min)
and sonication were repeated three times, and the pellet was dried and stored in the
last step. In this way, PPI polymer was coated on MSN-Ce6 nanoparticles and named
MSN-Ce6@PPI.

2.2.3 Indocyanine Green Loading into the Pores of
MSN-Ce6@PPI

ICG was loaded into the pores of MSN-Ce6@PPI by solvent immersion method. For
this purpose, firstly, 2 mg/mL Ce6-MSN@PPI (4 mg) was dispersed in cyclohexane

for 30 minutes with the help of sonication. Then, different amounts of ICG (5%,
7,5%, 10%, 20%) by weight (w/w) of MSN-Ce6@PPI were added and loading was
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performed. The loading solution was left to stir for 24 h at room temperature and in
the dark. The next day, samples that were loaded with different amounts of ICG were
collected and allowed to dry. Thus, the production of nanoparticles with different
loading rates was completed. The final nanoparticle was named MSN-Ce6@PPI-
ICG.

2.3 Physicochemical Characterizations of
Nanoparticles
Morphology

Scanning Electron Microscopy (SEM) analysis was used to analyze and visualize the
shape and size of the nanoparticles as a morphology analysis. SEM analysis enables
the magnification of the solid inorganic materials desired to be imaged using electron
beams. SEM was used to visualize the nanoparticles that are prepared in this study.
The samples were dried and coated with gold before the analysis. The SEM device
which is present in the Scientific Research Laboratories of izmir Katip Celebi

University was used to carry out the analysis as service procurement.

Hyrodynamic Radius and the Zeta Potential analysis of
Nanoparticles

The hydrodynamic particle size and net surface charge of nanoparticles were
measured using dynamic light scattering (DLS). Nanoparticles were prepared for the
measurements by dispersing from the dry state to get the determined concentrations

in HEPES. Measurements were made in the Scientific Research Laboratories of

Izmir Katip Celebi as service procurement.

ICG Loading Capacity Analysis of the Nanoparticles
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The absorption capacities and spectrum characteristics of ICG and Ce6 were
investigated before and after loading into the nanoparticles. Before loading, Ce6 and
ICG were dispersed in HEPES at determined concentrations and an absorption
standard curve was created using a microplate reader (Multimode Microplate Reader
Biotek Synergy HTX, Biotec). Absorption capacities and characteristics after loading
the photosensitizers into the nanoparticle were investigated again using the
microplate reader. For Ce6, nanoparticle solutions were prepared at certain
concentrations, after spectroscopic analysis, the amount of Ce6 loaded was
determined by applying the absorbance values on the standard curve. For ICG, the
absorbance values obtained by using a microplate reader as a result of the leaching
method were used on the standard curve, and the amount of ICG loaded into the

nanoparticle was measured.

Determination of Singlet Oxygen Generation Capacity of the

Nanoparticles

Singlet oxygen generation capacity of MSN-Ce6@PPI-ICG nanoparticles with dual
laser excitation was determined using 1,3-diphenylisobenzofuran (DPBF). In the
presence of singlet oxygen, DPBF decomposes to 1,2-dibenzoylbenzene. DPBF
initially has a very strong absorption band at 415nm wavelength, and the reduction in
the absorption capacity at this wavelength is directly proportional to the amount of
singlet oxygen formed. 8 mM (4uL) DPBF was added to nanoparticles prepared in
200 uL DMSO at concentrations of 10, 25, 50, 100, 200, and 400 pg/ml. Absorption
spectra were taken using a microplate reader before dual laser application. Dual laser
application was performed to the same nanoparticle samples, and absorption
spectrum measurements were taken after the light application. The amount of
decrease in absorption at 415 nm of wavelength was correlated with the amount of

singlet oxygen generated.

2.4 Light Sources and Dual Optical System

Diode lasers emitting at 655-nm (PS4 Ill. LED; Changchun New Industries
Optoelectronics Tech. Ltd., China) and 808-nm (Teknofil, Istanbul, Turkey) of
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wavelengths were used as the light sources. It was aimed to stimulate Ce6 with 655-
nm red laser light and ICG with 808-nm near-infrared laser light. The 655-nm diode
laser device has optical fiber output, with a maximum output power of 1W and a
continuous mode of irradiation. The 808-nm diode laser device has a 2W maximum
output power and has optical fiber output. It can irradiate in continuous and pulsed
mode. The dual laser design was built by using these two laser devices. The light
coming from two different laser devices was overlapped at one point and the

application area on a 96-well plate was tried to be illuminated simultaneously.
Energy Density (J/cm2) =Power (W)/ Area (cm2) x Time

As it can be seen in the Figure 2.4, the design of lasers was built on the optical table.
Optical fibers with a diameter of 400 um compatible with both devices were placed
perpendicular to the optical table with various optomechanical instruments. The
optical fiber connected to the 655-nm diode laser device was placed at a distance of 9
cm, and the 808-nm diode laser was placed at a distance of 12 cm from the optical
table. With this setup, a circular area of 0,75 cm in diameter and 1.767 cm2 in the
area was created on the 96-well plate, illuminating the 4 wells equally. The output
powers were set as 300 mW and 600 mW for the 655-nm and 808-nm diode lasers,
respectively. The time-dependent energy densities were calculated according to the
formula used above. With simultaneous application of light for 706 seconds, energy
densities of 120 J/cm2 for 655-nm diode laser and 240 J/cm2 for 808-nm diode laser
were obtained. The dual structured nanoparticle was excited simultaneously with the
light coming from both lasers.

Figure 2.4: Dual Laser Optical System
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2.5 Experimental Groups

The cells were incubated for 24 hours at 37°C and 5% CO2 humidified atmosphere
after seeding them to adhere to the 96-well plate surface. Experimental procedures
were then applied. Dual nanoparticle and light applications were taken into
consideration while creating the experimental groups. After a certain incubation
period at 37°C and a 5% CO2 humidified atmosphere, a dual-laser application was
performed on groups containing dual nanoparticles or photosensitizers. The groups
that did not contain dual nanoparticles or photosensitizers were incubated with the
growth medium to provide equal conditions and necessary procedures were applied.
After incubation at 37°C and 5% CO2 humidified atmosphere, all groups were
washed with PBS and a fresh medium was added. The light application was applied

to the groups that included dual-laser applications. Experimental groups were:
-Control: Light or dual nanoparticles were not applied

-Laser group: only dual-laser was applied

-Dual MSNs group: only dual-nanoparticle was applied

-Free Ce6 & ICG group: Free Ce6 & ICG was applied with the same amount that

was present in the structure of the dual-nanoparticle

-PDT with free Ce6 & ICG: dual-laser was applied after the incubation of free Ce6 &

ICG with the same amount that was present in the structure of the dual-nanoparticle

-PDT with Dual MSNs group: the dual-laser application was performed after the

incubation with dual-structured MSN

2.6 In Vitro Analysis

2.6.1 Cytotoxicity Investigations of the Nanoparticles on PC3
Prostate Cancer and L929 Fibroblast Cells
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3-(4,5-dimethyliazol-2-yl)- 2,5-diphenyl tetrazolium bromide (MTT) was used to
determine cellular viability. MTT initially has a yellow color. This yellow color turns
purple when it interacts with the enzyme succinate dehydrogenase, which is found in
the mitochondria of living cells and has a direct relationship with mitochondrial
activity. The absorbance of this purple color is used to directly express the
mitochondrial activity and indirectly to quantitatively express cell viability.

After any applications to determine the cell viability and cyto/phototoxicity, an MTT
assay was used. First of all, MTT stock solution was prepared at a concentration of 5
mg/mL in distilled water. The media were removed from the groups in which the
experimental procedure was applied. Using the stock solution, 100 uL. of MTT
solution was added to each well of the 96-well plate with 10% MTT and 90% serum-
free medium. Cells were incubated in this solution for 2 hours at 37°C and 5% CO2
humidified atmosphere in the dark. After incubation, MTT solutions were removed
and 100 uL DMSO was added. The absorbance of purple color was measured at 570
nm by a microplate reader (Multimode Microplate Reader Biotek Synergy HTX,

Biotec). In all stages of MTT assay were performed at dark.

To examine the cytotoxicity of MSN-Ce6@PPI-ICG nanoparticles on PC3 cells,
different concentrations of MSN-Ce6@PPI-ICG nanoparticles were applied, varying
from 1 pg/ml to 400 pg/mL concentrations. After the nanoparticles were dispersed in
RPMI-1640, they were incubated with PC3 cells with two different incubation times
of 4 hours and 24 hours. After incubations, the nanoparticle solutions were removed
from the cells and the cells were washed with PBS. After removing all the
nanoparticles that were not taken into the cell, the viability of the cells was

determined by the MTT analysis as described above.

In addition, the cytotoxicity of MSN-Ce6@PPI-ICG nanoparticles on L929 healthy
fibroblast cells was investigated. MSN-Ce6@PPI-ICG nanoparticles at 25, 50, and
100 pg/mL concentrations were incubated with L929 cells for 24 hours, and excess
nanoparticles were removed by washing. After the incubation of 24 hours, the cell
viability was determined immediately at first and then 24 hours after the applications,

by the MTT assay as described above.
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2.6.2 Photo-Toxicity Analysis of the Nanoparticles on PC3
Prostate Cancer and L929 Fibroblast Cells after PDT
Applications

Phototoxicity studies were carried out in PC3 cancer cells by excitation of MSN-
Ce6@PPI-Ce6 nanoparticles with a dual laser system. MSN-Ce6@PPI-Ce6
nanoparticles at concentrations of 5, 10, 25, 50, and 100 ug/mL were dispersed in the
growth medium and then incubated with PC3 cells for 4 and 24 hours. After the
incubation period ended, the excess nanoparticles were removed by washing with
PBS. After the growth medium was added to the cells, the laser applications were
performed with the dual laser optical system. Immediately after the applications, the
metabolic activities of the cells were measured with the MTT analysis described in
2.6.1.

Phototoxicity of MSN-Ce6@PPI-Ce6 nanoparticles was also investigated on L929
cells. Selected nanoparticle concentrations of 25, 50, and 100 pg/ml were determined
by dispersing them in the growth medium. Nanoparticles were incubated with L929
cells for 24 hours. At the end of the incubation period, excess nanoparticles were
removed by washing with PBS. After the addition of the growth medium, laser
application was performed with the dual laser optical system. To see the long-term
effect of anticancer activity on healthy cells after the application, MTT analysis was

performed 24 hours after the laser application.

2.7 Cellular Uptake of Nanoparticles into PC3 Cells

Triton-100X was used to study the penetration of nanoparticles into PC3 prostate
cancer cells. Cells were seeded onto the 96-well plate at 1074 cells per well. Cells
were incubated with nanoparticles at concentrations of 25, 50, and 100 pg/mL for 24
hours at 37°C and 5% CO? humidified atmosphere in the dark. After the nanoparticle
solutions were removed from the cells after incubation, the cells were treated with
30% Triton-100X prepared with DMSO and ethanol. Afterward, the absorption

spectra were analyzed using a multiplate reader.
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2.8 Analysis of the Intracellular ROS Production in
PC3 Cells after PDT Applications

2", 7"-dichlorofluorescein diacetate (DCFH-DA) was used to analyze the intracellular
ROS generation after the applications. DCFH-DA is a non-fluorescent compound
that can be converted into a fluorescent compound, dichlorofluorescein (DCF), in the
presence of ROS. The amount of DCF in the presence of ROS can be directly
correlated with the amount of ROS produced. First, a starting stock solution of
DCFHA-DA was prepared at 40 mM in DMSO. This stock solution was diluted to a
concentration of 0.1 mM using an RPMI-1640 growth medium containing 1% FBS.
In designated groups, before performing the experimental procedures, cells were
incubated with 0.1 mM DCFH-DA solution for 1 hour at 37°C and 5% CO2
humidified atmosphere in the dark and washed twice with phosphate-buffered saline
(PBS) to remove any DCFH-DA that did not enter the cells. Cells were then treated
with dual-nanoparticles and/or laser light. At the end of the applications, the
fluorescence intensity of DCF fluorescence was measured with a multiplate reader
immediately after the applications using the excitation wavelength of 485/20 nm and
the emission wavelength of 528/20 nm. All steps of the analysis were performed in
the dark.

2.9 Analysis of the Mitochondrial Membrane Potential
Change in PC3 Cells after PDT Applications

Mitochondrial membrane potential changes during light and nanoparticle
applications were determined with the JC-1 Mitochondrial Membrane Potential assay
kit. Before applying the nanoparticle to the cells, they were washed with PBS and
incubated with 10 uM JC-1 solution for 30 minutes. At the end of the incubation, the
cells were washed 2 times with PBS and the specific application procedures of each
group were completed. Immediately after the applications, emission values at 535 nm
of wavelength for a red fluorescence and 595 nm of wavelength for green
fluorescence were obtained with the excitation at a wavelength of 475 nm using a
microplate reader (CLARIOstar Microplate Reader BMG LABTECH, Germany).
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After fluorescence values of mitochondrial membrane changes were obtained,
microscopic images were taken with fluorescence microscopy (Olympus CKX41,
Olympus Co. Ltd., Tokyo, Japan). These images were obtained using CellSens
Imaging Software and represented hyperpolarization in mitochondrial membrane

potential in live cells emitting red fluorescence.

2.10 Analysis of the Nitric Oxide Release in PC3 Cells
after PDT Applications

The amount of nitric oxide (NO) released as a result of nanoparticle and dual laser
application was measured using Griess Reagent containing sulfanilic acid and N-(1-
naphthyl)ethylenediamine. Nitrite molecules, the decomposition product of NO, react
with sulfanilic acid and N-(1-naphthyl)ethylenediamine to form a dye molecule that
can be determined spectrophotometrically. One hour after the specific dual laser and
nanoparticle applications of the experimental groups were completed, samples were
taken from the supernatant of the cells. This supernatant was combined with the
same amount of Griess Reagent solution and the samples were incubated for 30
minutes. After incubation, the absorbance values were measured with a microplate
reader at a wavelength of 548 nm. The values were plotted according to the equation
obtained from the standard curve of standard nitrite solution prepared at different
concentrations. The obtained absorbance values were used to calculate the amount of
nitrite molecules, which is the breakdown product of NO, formed in each
experimental group and these values are also directly proportional to NO released

after each application.

2.11 Live/Dead  Cell  Analysis via  Acridine
Orange/Propidium lodide Staining of PC3 Cells
after PDT Applications

In this study, the acridine orange/propidium iodide (AO/PI) staining was used to
visualize live and dead cells. Acridine orange is a weak base (an inclusion dye) that

can easily penetrate live cells. It glows green with intact or condensed nuclei in
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living or early apoptotic cells into which it enters. Propidium iodide (exclusion dye)
cannot enter living cells, but it glows red with intact or condensed chromatins in dead
or late apoptotic cells. This red light generates directly related information about the
free DNA content. The AO/PI solution was diluted at 1:10 with PBS for use in the
experiments. After performing the experimental procedures, the media was removed
from the cells and the cells were washed with the same volume of PBS. Dye was
added to each well in the 96-well plate, 3 ul AO/PI dye, and 27 ul PBS. It was
incubated for 30 min at 37°C and 5% CO2 humidified atmosphere. The images were
taken with a fluorescence microscope using CellSense Entry software. In the images,
the green color represented live cells, while the red color represented dead cells.

2.12 Apoptosis Analysis via DAPI Staining in PC3 Cells

4',6-diamidino-2-phenylindole (DAPI) chemical binds to the double-stranded DNA
structure in the cell nucleus and emits blue light. It is mainly used to label the DNA
of cells. It is also used to visualize different nuclear morphological changes such as
chromosome condensation or fragmentation in apoptotic cells. In this study, a DAPI
application was made for this purpose. After the experimental procedure in which
dual nanoparticles and light were applied to the cells in the 96-well plate, the
medium was removed. Cells were fixed with 4% paraformaldehyde for 5 min at
37°C and 5% CO2 humidified atmosphere. After washing once with sterile PBS,
DAPI solutions were added to each well at a concentration of 10 pg/ml. After 20
minutes of incubation at 37°C and 5% CO2 humidified atmosphere, they were

washed with PBS and viewed with a fluorescent microscope.

2.13 Temperature Measurements

During laser application, there is an energy transfer from light and this energy can
cause an increase in the temperature in the environment. In addition, the
nanoparticles used can cause an extra temperature increase. Since the temperature
increase exceeds a certain point, photothermal effects may play a role and side
effects can be seen related to high temperature. In this study, cell death was targeted
by the PDT mechanism via photochemical processes. Temperature measurements

were carried out at certain time intervals during light applications to determine that
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cell death was not via photothermal, but via ROS-mediated photodynamic therapy
without a significant temperature rise. Temperature measurements were performed
with the help of a thermal camera (Testo, Thermal imager) in the PDT groups

applied with the determined nanoparticle concentrations and only the laser group.

2.14 Statistical Analysis

All experiments were repeated three times with three samples in each experimet.
Statistical analysis was performed with GraphPad Prism Version 9.0.1 (GraphPad
Software Inc., La Jolla, CA, USA). At first, the data were analysed with one-way
analysis of variance (ANOVA). Afterwards, Tukey post hoc test was used to see the
statistically significant results between the control and experimental groups. A p

value less than 5% was considered statistically significant.
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Chapter 3

Results and Discussions

3.1 Preparation of MSN-Ce6@PPI-1ICG Nanoparticles

3.1.1 Synthesis of MSN-Ce6 Nanoparticles Morphology of
MSN-Ce6 Nanoparticles

Morphological examination of MSN nanoparticles was performed by SEM analysis.
Since Ce6 was included in the structure of MSN nanoparticles during the production
phase and was in the matrix structure, the morphological examination was performed
on this nanoparticle group. It has been observed that nanoparticles have average sizes
in spherical and non-aggregate forms (Figure 3.1.1). In addition, it was understood

that Ce6 did not cause any change in nanoparticle size and shape.

Net Surface Charge and Hydrodynamic Radius of MSN-Ce6

Nanoparticles

As a result of the zeta analysis of the generated MSN-Ce6 nanoparticles, the net
surface charge was determined as 16+0.07 mV. According to the average
hydrodynamic diameter analysis, the nanoparticles had an average hydrodynamic
diameter of 1052+149.5 nm. The PDI value showing the ability to be dispersed is
0.044+0.032, and because it is less than 0.1, it shows that it is monodisperse (Figure
3.1.1)
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Figure 3.1.1: a) SEM image of MSN nanoparticles produced with Ce6
photosensitizer. b) Size distribution, average hydrodynamic diameter, PDI value and
Zeta potential data of 0.2 mg/mL Ce6-MSN prepared in HEPES buffer solution (pH

7.2, 25 mM).

Loading Capacity of MSN-Ce6 Nanoparticles

Spectrophotometric analyzes were used to determine the amount of Ce6 loaded into
the MSN matrix. First of all, the absorbance spectrum of solutions containing only
ICG and only Ce6 at 2.5 pg/mL concentration were examined. According to the data
obtained; Specifically, Ce6 showed higher absorbance at 414 nm and 650 nm of
wavelengths, ICG showed higher absorbance at 780 nm of wavelength (Figure
3.1.1a.a.). Later, ICG and Ce6 photosensitizers were combined to correspond to the
same concentration and it was understood that they did not affect each other's
specific absorbance and spectrophotometric properties. In addition, a calibration
curve was created with absorbance values corresponding to increasing Ce6 and ICG

concentrations (Figure 3.1.1a.b.).
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Figure 3.1.1.a: a) Absorbance Spectrum of 2.5 ng/mL Ce6 and ICG photosensitizer
b) The absorbance values corresponding to the increasing concentrations of Ce6 and
ICG photosensitizers and the obtained calibration curves, Inset figure; absorbance
spectrum of the combined solution of free 2.5 ng/mL Ce6 and ICG photosensitizers.

The loading amount of Ce6 to the MSN nanoparticle was determined as 2.4% by
processing the absorbance values obtained after dispersing the MSN-Ce6
nanoparticles in the HEPES solution on the calibration curve.

3.1.2  PPI Surface Modification of MSN-Ce6 Nanoparticles

Surface Radius

Net Charge and Hydrodynamic of

MSN-Ce6@PPI Nanoparticles

The resulting Ce6-MSN nanoparticles were surface modified with cationic
polypropylene imine polymer (PPI). The results of Zeta Potential and DLS analyzes
are given in Table 3.1.2. According to these values, it was observed that PPI-coated
MSN-Ce6 nanoparticles (MSN-Ce6@PPI) had low hydrodynamic diameter with
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good colloidal stability. It was determined that the zeta potential of PPI-coated
nanoparticles was higher than MSN-Ce6 nanoparticles. It was predicted that this
would be advantageous in the next loading of the anionic ICG. This was indicated
good colloidal stability. According to the obtained PDI value, MSN-Ce6@PPI
nanoparticles were also found to be monodispersed because it was close to 0.1. As a
result of the thermogravimetric analysis, it was determined that 28% by mass of the

nanoparticle was coated with PPI.

Table 3.1.2: Zeta Potential and DLS results before and after surface modification

- Potential Average PDI
(mV) Hydrodynamic
Radius (nm)
MSN-Ce6 16+0.07 1052+149.5 0.044+0.
032
MSN- 46.8+1.22 651.2+£16.93 0.13+0.03
Ce6@PPI

It has been reported that MSN nanoparticles with PPI dendrimers provide a high
amount of cargo agents. In addition, it was reported in the same study that PPI
dendrimers successfully closed the MSN pores and prevented the early release of
cargo molecules in the MSN [78]. In our study, by coating MSN-Ce6 nanoparticles
with PPI, the early release of loaded Ce6 was prevented, the amount of ICG loaded
into the pores in the next step was increased, and the early release of ICG was

prevented.
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3.1.3 ICG Loading to the MSN-Ce6@PPI Nanoparticles

Net Surface Charge and Hydrodynamic Radius of MSN-
Ce6@PPI Nanoparticles

The analysis of the net surface charge, average hydrodynamic diameter and size
distribution of the nanoparticles was repeated to see that the different amounts of
ICG loading did not cause a negative effect on the nanoparticle structure like
structural damage. As a result of the obtained data, it was understood that all
nanoparticles with different ICG loading ratios were dispersible. Except for the
group with 5% initial loading amount, the groups with another loading amount
showed negative surface charge (Table 3.1.3a). It has been proven that the surface
charge of cancer cells is negative due to the high glycolysis ratio, and the surface
charge of normal cells is slightly positive or neutral. In addition, it was shown in the
same study that the positively charged nanoprobes formed strongly bind to cancer
cells, and normal cells were ineffective to nanoprobes [79]. For this reason, the
positive charge of nanoprobes used for diagnostic or therapeutic purposes and the
selectivity of nanoprobes to cancer cells are important. In our study, with this idea,
the MSN-Ce6@PPI-ICG nanoparticle with an initial ICG charge of 5% and a
positive surface charge was advantageous. The selectivity of these nanoparticles in
cancer cells over normal fibroblast cells was demonstrated in the viability analysis.
Compared to healthy cells, cancer cells showed higher mortality rates at the same
nanoparticle concentrations and light dose of dual lasers. These results confirm the
proposed idea. In addition, the known disadvantages arising from the anionic
structure of ICG have been eliminated by PPI coating and this is explained by the
positive surface charge of the final MSN-Ce6@PPI-ICG(5%) nanoparticles. For
these reasons, this group was preferred in other analysis methods and in vitro PDT

applications.
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Table 3.1.3a: Zeta Potential and DLS results of MSN-Ce6@PPI-ICG nanoparticles
with different loading rates

Average
Name (- Potential (mV) Hydrodynamic PDI
Radius (hm)
Ce6-MSN@PPI 46.8+1.22 651.5+£16.93 0.13
Ce6-MSN@PPI-ICG
20.5+0.40 349.4+2.9 0.28
(%5)
Ce6-MSN@PPI-ICG
-35.3+0.40 301.6+6.88 0.2
(%7.5)
Ce6-MSN@PPI-ICG
-38.6+0.95 266.1+1.21 0.25
(%10)
Ce6-MSN@PPI-ICG
-32.5+0.92 231.5+0.513 0.18
(%20)

Loading Capacity of MSN-Ce6@PPI-ICG Nanoparticles

MSN-Ce6@PPI nanoparticles were loaded with different amounts of ICG by mass.
The initial loading amount and the loaded amount were calculated with the help of
the calibration curve and absorbance values. As a result of the loadings, ICG loading
amounts were calculated to be in the range of 1-10 ug/mL. Also, it was observed that
the loading amount of ICG increased as the initial loading amount increased in MSN-
Ce6 and MSN-Ce6@PPI nanoparticles. In addition, the same amount of ICG was

loaded on MSN-Ce6 nanoparticles with the same method in order to see the role of
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PPI polymer in ICG loading. As seen in the Table 3.1.3b, it was understood that the
PPI coating increased the ICG loading capacity on MSN-Ce6 nanoparticles.

When the sample with the highest amount of ICG, Ce6-MSN@PPI-ICG (20) (initial
ICG amount was 20% w/w), was analyzed by spectrophotometric measurement, the
spectrum given below was obtained (Figure 3.1.3) In this way, it was observed that
the strategy applied did not cause any structural damage as it showed a similar
spectrum to both free ICG and Ce6 solutions. That is, the wavelengths that give the
maximum absorbance value at specific wavelengths of ICG and Ce6 did not change

before and after loading.

Table 3.1.3b: Amount of ICG loaded on MSN-Ce6 and MSN-Ce6@PPI
nanoparticles

Initial Loading of Amount of Loaded ICG
) Amount of Loaded ICG to
ICG (mass ratio of to Ce6-MSN@PPI
Ce6-MSN (%ow/w)

Ce6-MSN %w/w) (Yow/w)

5 0.4 0.9

7.5 15 4.9

10 4.3 15.7

20 6.2 24.2
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Figure 3.1.3: Absorbance spectrum of 0.1 mg/mL Ce6-MSN@PPI-ICG(20) in
DMSO and the initial loading amount of ICG is 20%.

3.2 Singlet Oxygen Generation Capacity of MSN-
Ce6@PPI-ICG Nanoparticles

The capacity to form singlet oxygen of the MSN-Ce6@PPI-ICG nanoparticle with an
initial ICG loading rate of 5% was investigated. For this process, DPBF chemical
known as singlet oxygen probe was applied to MSN-Ce6@PPI-ICG (5%)
nanoparticles at 10, 25, 50, 100, 200, and 400 ug/mL concentrations and their free
photosensitizer groups. The amounts of singlet oxygen formed by nanoparticles were
determined before and after the application of the dual laser optical system (655-nm
diode laser: 300 mW output power, 120 J/cm? energy dose, 706 seconds application
time, 808-nm diode laser: 600 mW output power, 240 J/icm? energy dose, 706
seconds) planned to be used in the experiments. As it can be seen (Figure 3.2a), the
nanoparticle with the highest singlet oxygen generation capacity was the nanoparticle
with a concentration of 200 pg/mL. When light was applied to the ICG and Ce6
photosensitizers in the free form in the structure of the nanoparticle at these
concentrations, the amount of singlet oxygen formed with the increasing
concentration also increased, as predicted for 10, 100, 200, 400 pg/mL (Figure 3.2b).
However, this was not observed when photosensitizers were in nanoparticle
structure. Although an increase was observed up to 200 ug/mL concentration, the
amount of singlet oxygen obtained when light was applied to the nanoparticle at 400
ng/ml concentration was less than that obtained at 100 and 200 pg/mL. This showed

that the singlet oxygen generation capacity of the nanoparticle did not change after a
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certain point. MSN-Ce6@PPI-ICG nanoparticles showed that the singlet oxygen

generation capacity was full after 200 pg/ml concentration. MSN-Ce6@PPI-ICG

nanoparticles showed that the singlet oxygen generation capacity was full after 200

ng/ml concentration. For this reason, we planned to create lower concentrations for

in vitro studies and examined the singlet oxygen generation capacity of 25, 50, 100

ug/ml concentrations. When the DPBF analysis of 25, 50, and 100 pg/mL

nanoparticles selected at low concentrations was examined as a spectrum before and

after dual laser application, it has also shown that the singlet oxygen forming

capacity of the nanoparticle increased at low concentrations as the concentration

increased (Figure 3.2c).
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Figure 3.2. a) Singlet oxygen ratio of Ce6-MSN@PPI-ICG(5%) at different
concentrations before and after stimulation with dual laser optic system b) singlet
oxygen ratio of free photosensitizers before and after stimulation with dual laser
optic system (for 10pg/mL nanoparticle: 0.24pg/mL Ce6 and 0.045 pg/mL ICG, for
100 pg/mL nanoparticle: 2.4 ug/mL Ce6 and 1.8 pg/mL ICG, for 200 ug/mL
nanoparticle: 4.8 pg/mL Ce6 and 3.6 pg/mL ICG, for 400 pg/mL nanoparticle: 9.16
pug/mL Ce6 and 7.2 pg/mL ICG ) c) 25, 50, and 100 pg/mL nanoparticle DPBF
spectrum of Ce6-MSN@PPI-ICG(%5) nanoparticles before and after dual laser optic
system. The samples were carried out for DBPF analysis in DMSO and the initial

loading amount of ICG is 5%.
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3.3 Viability Analysis
3.3.1  MTT Analysis

Cytotoxicity of MSN-Ce6@PPI-ICG Nanoparticles in PC3
Cells

Toxicity studies of MSN-Ce6@PPI-ICG nanoparticles on PC3 cancer cells were
performed by MTT analysis. Here, it was aimed to determine the optimum
incubation time as well as the toxicity of nanoparticles. For this reason, nanoparticles
at 1, 5, 10, 25, 50, 100, and 400 pg/mL concentrations were added onto PC3 cancer
cells and incubated with incubation times of 4h and 24h. Viability analysis results
obtained as a result of incubation times were shown (Figure 3.3.1a). The obtained
data were expressed as a percentage change by dividing it with the data of control
group. Looking at the results, after 4h incubation period, 1, 5, 10, 25, 50, and 100
ug/mL concentrations showed 92.74%, 99.8%, 92.62%, 103.26%, 96.66%, and
93.44% cell viability, respectively. In the group where 4h incubation time was used,
the maximum concentration of 400 pg/mL nanoparticle application showed 72.66%
cell viability of PC3 cancer cells. All nanoparticle concentrations using 4h incubation
did not cause significant cytotoxicity on PC3 cells. As a result of the statistical
analysis, no significant results were found in all nanoparticle groups in which 4h
incubation time was used. Statistical analysis data also showed that 4h incubation of

these concentrations were not toxic to PC3 cancer cells.

In the viability analysis using nanoparticles at the same concentrations on PC3
cancer cells, 1, 5, 10, 25, 50, and 100 pg/mL nanoparticles were 94.56%, 102.17%,
95.69%, 92.86%, 84.11%, and 73.34%, respectively, according to the 24h incubation
time results. The highest concentration of 400 pg/mL nanoparticles resulted in 23.4%
cell viability. When the results were examined, it was seen that after the 25 pg/ml
nanoparticle concentration increased cellular death was seen at increasing
concentration. 25, 50, 100, 400 pg/ml of concentrations caused subsequent cellular
damage on PC3 cancer cells. When the results were analyzed statistically, the groups
in which this cellular damage was statistically significant were the MSN100 and
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MSNA400 groups. That is, MSN-Ce6@PPI-ICG nanoparticles were toxic on PC3 cells

at a concentration of 100 and 400 pg/ml after 24h incubation time.

In general, when the groups using 4h and 24h incubation times were compared, the
results of 24h incubation time caused more significant cellular damage on PC3 cells
than the results of 24h incubation time. This showed that nanoparticles were more
taken into the cell after 24h.
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Figure 3.3.1a: Cell viability of 1, 5, 10, 25, 50, 100, 400 pg/mL MSN-Ce6@PPI-ICG
(%5) nanoparticles after the 4h and 24h incubation time on PC3 cells. Statistically
significant results are represented with * (P<0.05).

Cytotoxicity of MSN-Ce6@PPI-ICG Nanoparticles in L929
Cells

Viability analyzes were performed on L929 to see the toxicity of MSN-Ce6@PPI-
ICG nanoparticles on healthy cells. Taking into account the results of the viability
analysis performed on PC3 cancer cells, nanoparticles at 25, 50, and 100 pg/mL
concentrations were selected. After the 24h incubation period was found to be
appropriate for PDT applications, the viability results were shown after the 24h
nanoparticle incubation time. Oh results are represented viability immediately after
the applications. 24h results represented the viability 24h after the applications.
Looking at the Oh result; 25, 50, and 100 pg/mL nanoparticles showed 107.88%,
88.26%, and 80.9% viability, respectively. As expected, the viability rate decreased
as the nanoparticle concentration increased. According to the results of the statistical

analysis, the decreases in vitality were not found to be statistically significant except
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for the MSN100 nanoparticle group. To examine the long-term effects of
nanoparticles after the application, the results of the viability analysis 24h after the
application were given. According to the results, an increase in viability was
observed in the 50 and 100 ug/ml nanoparticle groups compared to the Oh results.
When the results were examined, the MSN100 group was found to be statistically
significant. Ziemba et al. showed that PPI dendrimers are toxic [80]. For this reason,
it was an expected result that the MSN100 group would have a toxic effect on
healthy cells. Also, it was shown that there was no permanent damage to healthy
cells after other nanoparticle applications (Figure 3.3.1b). The increase in cell
viability is proof that the damage caused by nanoparticle application in healthy cells

is started to be repaired in a short time and the cells started to proliferate again when
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Figure 3.3.1b: Cell viability of 25, 50, and 100 pg/mL MSN-Ce6@PPI-ICG (%5)
nanoparticles at immediately after applications and 24h after the applications on
L 929 cells. Statistically significant results are represented with * (P<0.05).

Phototoxicity of MSN-Ce6@PPI Nanoparticles in PC3 Cells

The photo-toxicity analysis of PDT groups in which dual laser application was
performed with nanoparticles on PC3 cancer cells was performed (Figure 3.3.1c). 4h
and 24h incubation times were also used in PDT groups to see how the incubation
time affected cellular viability in the PDT groups. Nanoparticle concentrations of 5,

10, 25, 50, and 100ug/ml were chosen for PDT applications and named as PDT
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(nanoparticle concentration). Dual laser application was determined as a single dose
and the material is specified in the methods section. According to the results of the
viability analysis using the 4h incubation time, the dual laser group increased the
cellular viability compared to the control. Cellular viability was 95.16% and 94.85%
in the PDT5 and PDT10 groups compared to the control. In the PDT 25, PDT50 and
PDT100 groups, the viability decreased as the nanoparticle concentration increased.
This clearly indicates increased cell damage as the concentration increases, due to the
constant laser dose, as expected in the PDT mechanism. According to statistical
analysis, all groups were not statistically significant. Likewise, in the groups using
the 24h incubation time, the PDT25, PDT50, and PDT100 groups showed increased
cellular death with increasing concentration. The viability of PC3 cells in PDT5 and
PDT10 groups using 24h incubation was determined as 75.02% and 62.02%
compared to the control. The decrease in cell viability in PDT groups applied with
nanoparticles at 50 and 100 pg/ml concentrations on PC3 showed the highest
mortality with 40.44% and 25.14%. When the data are analyzed statistically, PDT5,
PDT10, PDT25, PDT50, and PDT100 groups showed statistically significant results.
When the different incubation times were compared in the PDT groups, the 24h
incubation time was optimum for PDT effectiveness. In addition, when the PDT

groups with nanoparticles at the same concentration were compared, the toxicity
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values of the 24h incubation times were higher. This proves that PDT is more
effective in 24h nanoparticle incubation. The reason for this can be interpreted as
more nanoparticles are taken into the cell at the end of 24h.

Figure 3.3.1c: Cell viability of only dual laser light, 5, 10, 25, 50, and 100 pg/mL
MSN-Ce6@PPI-ICG (%5) nanoparticles with dual-laser application after the 4h and
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24h incubation time on PC3 cells. Statistically significant results are represented with
* (P<0.05).
Ji et al. observed cell viability reduction similar to our study by loading Ce6 and ICG
into albumin nanoparticles. The phototoxicity they create is triggered by PDT and
PTT modulations. They achieved maximum phototoxicity in the group loaded with
1.25 pg/ml Ce6 and 5 pg/ml ICG. In our study, similar results were obtained by
using 2.4 pg/ml Ce6 and 1.8 ug/ml ICG, and only the efficiency of the PDT
pathways was increased. In addition, in their study, they observed that ICG and Ce6
quench each other. In our study, it has been proven that Ce6 and ICG in silica
nanoparticles do not affect each other negatively. For this reason, we argue that our

study yields more effective results in much easier ways [81].

Phototoxicity of MSN-Ce6@PPI Nanoparticles in L929

Anticancer PDT applications were also examined on healthy L929 cells to determine
the side effects that may occur on the healthy tissue around the diseased tissue during
anticancer PDT applications. The dual laser was applied to L929 cells with
nanoparticles at the determined concentrations of 25, 50, and 100 pg/ml, and
viability analyzes were carried out immediately after the application (Oh) and 24h
after the application (24h) to see the long-term effect (Figure 3.3.1d). According to
the examinations made immediately after the application (Oh), increased cell viability
was decreasing with increasing nanoparticle concentration. Dual laser light did not
show any toxic effect compared to control alone. As expected, PDT application
caused damage to healthy cells as the concentration increased at the fixed laser dose.
According to the statistical analysis results, all PDT groups showed statistically
significant cell viability decreases. However, when the results after 24 hours of the
application were examined, the viability of all PDT groups increased. Immediately
after the application, the cellular viability in the PDT100 group was 53.91%, while it
was 56.36% after 24 hours of the application. The increase in cell viability was
higher in other PDT groups than in the PDT100 group. According to statistical
analysis, PDT50 and PDT100 groups showed statistically significant results. This is
an indication that PDT application can cause damage to healthy cells, but cells begin
to be repaired within 24 h after treatment. It has been explained that nanoparticle-

mediated PDT can increase cell proliferation by correct optimization of the size,

42



incubation time, surface coating, morphology, and light parameters used of
nanoparticles [82]. The results obtained after PDT application in our study also
support this argument. It has also been reported that MSN-Ce6@PPI-ICG
nanoparticles have selectivity for cancer cells as well as normal healthy cells [79]. It
has been proven that PDT application is specific to PC3 cancer cells, with the death

rate being higher in cancer cells than in healthy L929 cells.
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Figure 3.3.1d: Cell viability of only dual laser, 25, 50, and 100 pg/mL MSN-
Ce6@PPI-ICG (%5) nanoparticles with dual laser light at immediately after
applications and 24h after the applications on L929 cells. Statistically significant
results are represented with * (P<0.05).

Photo/toxicity of Free Ce6 and ICG in PC3 Cells

To see the role of nanoparticles in PDT, groups were formed in which the free ICG
and Ce6 photosensitizers loaded into MSN-Ce6@PPI-ICG nanoparticles were
applied alone or in combination with the dual laser system (Figure 3.3.1e). By
examining the viability analysis results, nanoparticle concentrations of 25, 50, 100
ng/mL were determined and the amount of Ce6-1CG loaded on them was calculated
(for 25ug/mL nanoparticle: 0.6pg/mL Ce6 and 0.45 pg/mL ICG, for 50 pg/mL
nanoparticle: 1.2 pg/mL Ce6 and 0.9 pg/mL ICG, for 100 ug/mL nanoparticle: 2.4
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ug/mL Ce6 and 1.8 pg/mL ICG). The same concentrations were used in free form in
applications. When the results were examined, the cell viability of the groups in
which Ce6 photosensitizer was applied alone or in combination with the dual laser
system was decreased at all concentrations compared to the control. In other words,
Ce6 alone and together with the dual laser system caused damage to PC3 cancer
cells. However, statistical analysis results proved that these cell viability reductions

were not statistically significant.

Later, when ICG photosensitizer was applied alone and together with the dual laser
system, ICG groups except for L+ICG(NP(25)) caused a decrease in cellular
viability. The drug concentrations decreased cell viability more than the groups using
the dual laser system alone. According to the statistical analysis results, ICG(NP25),
ICG(NP50), ICG(NP100), L+ICG(NP50), and L+ICG(NP100) groups showed a
statistically significant decrease in cellular viability.

Then, due to the coexistence of ICG and Ce6 photosensitizers in nanoparticles,
applications were repeated by mixing free ICG and Ce6 photosensitizer at the
determined concentration to examine the effect of nanoparticles in these groups,
without a dual laser system and by excitation with the dual laser system. According
to the viability analysis results, a decrease and/or increase in cell viability was
observed compared to the control. However, these changes were not found to be
significant when analyzed statistically except [Ce6+ICG(NP100)]+L. Although this
group showed significant reductions, the phototoxicity of photosensitizers was higher
when in the nanoparticle. This result has shown us that ICG and Ce6 photosensitizers
have a toxic effect at only higher concentrations on PC3 cancer cells when mixed in
the same environment. When ICG and Ce6 were found inside of the nanoparticle
structure, viability was 25.14% in this group. But their free forms showed 80.51%

viability. So, nanoparticles showed higher toxicity when compared to free groups.

The light-free applications of ICG and Ce6 on cancer cells were to see the
importance of MSN and to examine the effect of the concentrations used in free
form. Mortality rates in the free states of Ce6 and ICG in the created groups are
lower than their state in nanoparticles. In other words, the MSN structure has
increased the efficiency of Ce6 and ICG. We explained this situation, that the

nanoparticle structure protects the photosensitizers while they are transported into the
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cell and allows the PDT mechanism to work by activating only inside the cell. In
conclusion, we argued that nanoparticles increase the uptake of photosensitizers into
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cells. These results also overlapped with cellular uptake results. At increasing

concentrations, the uptake of nanoparticles and thus photosensitizers is enhanced.

Figure 3.3.1e: Cell viability with free Ce6 and ICG photosensitizers that are found
inside of the 25, 50 and 100 pg/mL MSN-Ce6@PPI-ICG nanoparticles and their
PDT applications with dual laser light on PC3 cells (Free photosensitizer
concentrations; for 25ug/mL nanoparticle: 0.6 pg/mL Ce6 and 0.45 ug/mL ICG, for
50 pg/mL nanoparticle: 1.2 pg/mL Ce6 and 0.9 pg/mL ICG, for 100 pg/mL
nanoparticle: 2.4 pg/mL Ce6 and 1.8 pg/mL ICG and dual laser parameters; for
655nm diode laser; 300mW power, 120J/cm? energy density, for 808nm diode laser;
600mW power, 240J/cm? energy density,706s application time). Statistically
significant results are represented with * (P<0.05).

3.3.2  Cellular Uptake of MSN-Ce6@PPI-ICG Nanoparticles
in PC3 Cells

In order to determine whether MSN-Ce6@PPI-ICG nanoparticles were taken up into
the cells at 25, 50, and 100 pg/ml concentrations, absorbed wavelength values of Ce6
and ICG showing maximum absorbance were used in Triton-100X application
(Figure 3.3.2). We expected to see high absorbance values at specific wavelengths
for Ce6 and ICG in cell solutions that were lysed as a result of the Triton-100X
application. In the absorbance spectrum obtained after incubation of the determined
concentrations with the PC3 cells, specific wavelengths of free Ce6 and ICG in the
nanoparticles taken into the cell and showing maximum absorbance values were also

observed. This indicates that the nanoparticles successfully penetrate the cell at all
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concentrations. The increase in absorbance values with the increase of nanoparticle
concentration shows that as the concentration increases, the penetration of
nanoparticles into the cell is greater. This is more clearly observed at the specific
wavelength of the ICG in the absorbance spectrum analysis. These results confirmed

the data of decreased cellular viability with increasing nanoparticle concentration.

In the PDT mechanism, the uptake of PS into the cell and its localization in the cell
are very important. Because it is known that the half-life of ROS formed as a result
of PDT is quite short, and the diffusion distance is limited and short. In order for the
formed ROS to cause effective damage, PS must be taken into the cell [87]. In our
study, it was shown that the obtained phototoxicity was successfully achieved with
PDT. In the PDT100 group with the highest amount of nanoparticles taken into the
cell, the more dead cells were seen in the Acridine Orange/Propidium lodide
staining, and the highest PC3 death was observed in the MTT viability analysis in the

same group.
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Figure 3.3.2: Absorbance Spektrum of 25, 50 and 100 ug/mL MSN-Ce6@PPI-1ICG
nanoparticles in Triton-100X and PC3 cell solutions after 24h incubation.

3.3.3  Acridine Orange/Propidium lodide Staining

The results of Acridine Orange/Propidium lodide staining were applied to the 25, 50,
and 100 pg/mL nanoparticle concentrations and their PDT groups on PC3 cells then
results were obtained by fluorescence microscopy (Figure 3.3.3). Looking at the
images, dead red cells are seen more intensely in MSN100, PDT50, and PDT100
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groups. In groups with dense live cells, such as control, cells are generally observed
in green. When the images are examined, the dual laser, 25 and 50 pg/mL
nanoparticle groups are mostly similar to the control group in terms of living cells.
Dual laser, 25 and 50 pg/mL nanoparticle applications alone did not cause cell death.
These results were found to be compatible with the viability analysis results. It is
understood that cellular death increased in MSN100, PDT25, PDT50, and PDT100
groups, in which the density of red dead cells started to increase. The MSNZ100 group
produced 26.66% cellular death as found in viability assays on the PC3 cancer line.
The increased red cell density in the PDT25, PDT50, and PDT100 groups confirm
the cellular death rates of 33.12%, 59.56%, and 74.86%, respectively, seen in the

viability analysis. In general, the results of acridine orange propidium iodide

Control MSN100

PDT100

staining, which aIIs seeing dead and Iing cells, were founo be compatible wit
the results of other analysis methods in which the anticancer PDT efficacy was

proven.

Figure 3.3.3: Acridine orange (live cell, green) / Propidium lodide (dead cell, red)
images of dual laser, 25, 50 and 100 pg/mL MSN-Ce6@PPI-ICG nanoparticles and
their PDT applications with dual laser application on PC-3 cells.

3.3.4  DAPI Staining

DAPI staining was a nuclear visualization test of PC-3 cells as a result of treatments.
Fluorescence images obtained as a result of staining are presented (Figure 3.3.4).
Since it was desired to monitor the cell nucleus damage of PDT activity, the control
group and all PDT groups were stained. When the images were examined, the nuclei

of the cells showed changes in the PDT groups compared to the control group. A
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denser, non-scattering, large and mononuclear core structure was observed in the
control group. These features are characteristics of a healthy cell nucleus. However,
when PDT groups are examined, deterioration in the core structure, leakage, doubled
and small core structure are observed. Distortions are exemplified on the image by
orange arrows. These features are those of the cell nucleus entering the apoptosis
pathway and are seen in PDT groups. Also, the incidence of disrupted core structure
increased with increasing nanoparticle concentration. In the PDT100 group, where
maximum cellular death was observed, these defective nuclear structures were
observed quite frequently. In addition to mitochondrial-related cellular destructions
in the PDT mechanism, it is known that oxidative damage is created in DNA when

the excess ROS formed and damaged the redox system of the cell [87]. This can be

Control

2 x » PDT100 Ha
seen in DAPI staining in the form of deterioration of the structure of the core or core
leakage. With the DAPI images of the PDT groups that we created, it was confirmed

that this way they cause irreversible cell nuclei and DNA damages in the cell.

Figure 3.3.4: DAPI Staining images of PDT groups with 25, 50 and 100 pg/mL
MSN-Ce6@PPI-ICG nanoparticles and dual optic laser light application on PC-3
cells.
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3.4 Mechanistic Analysis

3.4.1 Reactive Oxygen Species Measurements in PC3 Cells
after the PDT Applications
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It is known that cell death occurs as a result of ROS-mediated cellular damage in the

molecular mechanism of PDT. A decrease in cellular viability is expected in direct
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relationship to the amount of ROS formation. Because of this important role of ROS
in the PDT mechanism, dual laser light, 25, 50, and 100 pg/ml nanoparticle
concentrations and their PDT groups were tested with a DCFH-DA probe (Figure
3.4.1). Measurements were taken immediately after the application, as ROS
formation starts immediately after the specific application to the cell and affects the
cells. When the results were examined, more ROS formation was observed in all
groups compared to the control group. It is known that a ROS formation originating
from light and/or nanoparticles occurs in laser and PDT groups with dual laser
application. In nanoparticle groups, it is thought that ROS is formed as a result of
stimulation of cancer cells by an external factor such as nanoparticles. Because of
this idea, MSN25, MSN50, and MSN100 groups showed higher ROS formation
when compared to control. In the PDT25 group, where the nanoparticle
concentration was the lowest, therefore, the ROS formation was minimally increased.
There was a 22.13% increase in ROS in the PDT50 group compared to the control. It
was observed that the PDT100 group with the lowest cellular viability produced
more ROS than the other groups, and there was an increase of 89.71% compared to
the control. It has been shown that the toxic effect in the PDT mechanism is mostly
directed by ROS, with the results of decreasing cellular viability with increasing
ROS formation. According to statistical analysis, only the PDT100 group showed

statistically significant results when compared to the control group.
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Figure 3.4.1: Reactive Oxygen Species formation of dual laser light, 25, 50, and 100
ug/mL nanoparticles and their PDT groups with dual laser on PC3 cells. Statistically
significant results are represented with * (P<0.05).

Mitochondria-targeted and ROS-mediated therapy methods are widely used in cancer
treatment. Because ROS formed in ROS-mediated treatments cuts the energy supply
of cancer cells by affecting mitochondria and triggers mitochondrial dependent cell
death. In addition, the generated ROS must exceed a certain level in order to provide
toxicity. In this way, the increase in ROS in the PDT mechanism increases the
toxicity [88]. Therefore, increases in ROS production were observed in all groups
with light and nanoparticle application. As seen in AO/PI images, ROS production
increased in PDT and MSN groups with dense red dead cells. The high frequency of
nuclear disruption in the PDT100 group in DAPI images proved that the oxidative
stress was caused by ROS. According to Topaloglu et al. PC3 reduced cell viability
by 89% as a result of the interaction of 655nm red light with TBO in prostate cancer
cells. They supported that the mechanism was ROS dependent by ROS
measurements [83]. The fact that the maximum effect was observed in our study at
100 ug/ml nanoparticle concentration confirms this.

3.4.2  Mitochondrial Membrane Potential of PC3 Cells after
PDT Applications

JC-1 is a fluorogenic probe and forms red fluorescent aggregates in dimer form when
the mitochondrial membrane potential is high. It fluoresces green in monomer form
when the mitochondrial membrane potential is low. Therefore, the red/green
fluorescence ratio indicates changes in mitochondrial membrane potential. In cells
entering the apoptosis pathway, the mitochondrial membrane potential value is
expected to be low, since the mitochondrial membrane cannot be polarized. In direct
relation to this, the red/green ratio is expected to be below. The results of MMP
analysis performed on dual laser, 25, 50, and 100 pg/mL nanoparticles, and their
PDT groups are presented below (Figure 3.4.2a). Dual laser light showed similar
MMP change when compared to control. Decreased cellular viability with increasing

nanoparticle concentration in the viability analysis results in PDT groups gave
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decreased MMP results here. In the PDT25, PDT50, and PDT100 groups in which
dead cells increased, the green/red ratio decreased as a result of the decrease in
MMP. These results were expected in the PDT groups. Also, this situation coincided
with the viability analysis results. It was observed that MMP increased in groups
where laser and nanoparticles were applied alone. In this case, it is thought that there
is an increase in MMP, which indicates that the cell goes to the survival state as a
result of the stress in the cells and that the energy production increases in the cell.
This resulted in the MMP increasing. Although the results were not statistically

significant, the results were compatible with the viability analysis.
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Figure 3.4.2: JC-1 Mitochondrial Membrane Potential Assay Measurements a)
Flouresence values of dual laser light, 25, 50 and 100 pg/mL MSN-Ce6@PPI-ICG
nanoparticles and their PDT applications on PC3 cells b) JC-1 Aggregates images of
living cells in dual laser light, 25, 50 and 100 pg/mL MSN-Ce6@PPI-ICG
nanoparticles and their PDT applications on PC3 cells. Statistically significant results
are represented with * (P<0.05).

In addition, we observed red-luminescent JC-1 aggregates observed in polarizable
cells in images taken by fluorescence microscopy (Figure 3.4.2b). In the control, it
was observed that healthy cells could be polarized, resulting in the formation of JC-1

aggregates as red dots. However, the amount of these aggregates decreases towards
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groups with increased cellular death. These images were also compatible with
red/green MMP fluorescence measurements. The lowest mitochondrial membrane
potential in the PDT groups is seen in the images and fluorescence measurements.
These results were a different perspective proving that the PDT mechanism works

successfully in PC-3 cells.

In short, it is known that the mechanism of PDT is the absorption of light by the
mitochondria and that the mitochondrial membrane changes in this way. With the
signals released to the mitochondria by different organelles by chemical means, there
Is a decrease in MMP due to non-polarization. Thus, ROS production is promoted. In
other words, cell death in PDT begins with the depolarization of MMP [88]. In dead
cells, ie groups in which PDT is active, MMP is expected to be low because this
change is not polarized [84]. In our study, MMP changes were decreased in the
groups in which PDT was effective. In addition to the numerical data, JC1 cluster
images also explain the reduction in red clusters in the PDT groups.

3.4.3 Nitric Oxide Releasing in PC3 Cells after the PDT
Applications

NO is a molecule released from the mitochondria after light application in the PDT
mechanism and can cause toxicity. The realization of NO production in the PDT
mechanism and the toxic effect is shown as another proof that the PDT mechanism
occurs. Determining the amount of NO, therefore, indicates an effective PDT
application. Nitrite amounts were calculated using Griess reagent after nanoparticle
and/or dual laser applications to PC-3 cancer cells (Figure 3.4.3). The amount of
nitrite has a directly proportional relationship with the NO released. The results of
NO release as a result of PDT applications of nanoparticles alone or together with a
dual laser system at 25, 50, and 100 pg/mL concentrations are given. Dual laser
application alone showed some NO release in PC3 cells compared to the control
group. In the groups where nanoparticles were applied alone, NO release was
decreased at 25 and 50 pg/ml concentrations compared to the control, while 100
ug/ml nanoparticles increased NO release. These results supported the low toxicity
of 25 and 50 ug/ml nanoparticles compared to 100 pg/mL nanoparticles. The reason

for the toxicity seen in the MSN100 group may be due to the higher formation of
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toxic products such as NO and ROS in this group. In the PDT groups, on the other
hand, increased NO release was observed with increasing nanoparticle concentration
compared to the control. NO release in these groups was higher than the other
groups. This is another proof that the PDT mechanism occurs successfully in PDT
groups. Even in the groups with low nanoparticle concentration, NO release results
showed that the PDT mechanism worked. In addition, as the concentration increases,
the increase in NO release coincides with the viability analysis results. This has been
proven with the highest NO release in the PDT groups with the lowest cellular
viability. Although there were no statistically significant differences when the results
were analyzed, the NO release results were in agreement with other viability

analyses.
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Figure 3.4.3: Nitrite amounts of dual laser light, 25, 50 and 100 ug/mL MSN-
Ce6@PPI-ICG nanoparticles and their PDT applications with dual laser on PC-3
cells. Statistically significant results are represented with * (P<0.05).
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In the PDT mechanism, NO is released by the mitochondria as a result of the
absorption of light. NO release also creates a toxic effect like ROS and the toxicity
increases with NO and ROS [85]. In addition, the amount of NO release has been
found to cause different effects in cancer cells. It has been shown that low level NO
release creates a more aggressive tumor population and triggers the formation of
resistant tumors. In the same study, it was proven that high NO release creates cell
growth arrest [89]. Therefore, we expected high NO release in the groups with the

maximum decrease in viability in PDT. As we expected in the results, NO release
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increased in groups with high PDT toxicity. In addition, an increase in NO release
was observed in groups with increased ROS production. In addition, lower NO
release in MSN25 and MSN50 groups, where death is seen at low levels, is also in
line with the above-mentioned logic. We have shown that the created nanoparticle

and laser system constitutes a successful PDT mechanism.

3.5 Temperature Measurements during Dual Laser

Optical System Applications

Since there is energy transfer to the target area during the dual laser application, the
temperature increase that may occur in the target was measured with a thermal
camera. In addition, there is a possibility that nanoparticles can create a thermal
effect when applied with the dual system. For this reason, temperature analysis was
performed with a thermal camera to the groups in which dual laser was applied
(Figure 3.5). When the temperature measurements were taken at certain intervals
during laser application are examined; dual laser application alone showed lower
temperature values than PDT groups. When the PDT groups were examined, the
temperature values formed in the environment increased as the nanoparticle
concentration increased. This indicates that the nanoparticles increase the interaction
in the environment with the dual laser, compared to the dual laser application alone.
Considering the temperature differences at the beginning and end of the application
in the groups, the temperature differences in the dual laser light, PDT25, PDT50, and
PDT100 groups were 1.6, 0.5, 0.6, and 0.8, respectively. The highest temperature
difference in the laser group may be due to the coldness of the application
environment since it is the first applied group. There is an energy transfer due to the
energy transferred during the application of light. In addition, a temperature increase
created by nanoparticle application may also be in question in this study. Especially
the temperature increase created by the Ce6 and 1CG photosensitizers used can create
a photothermal effect on the cells. It is known that ICG creates an increase in
temperature in photothermal studies. For this reason, the temperature rise was
measured in the study. But the results vary between 0 and 2 °C. Moreover, these

temperature differences are too low to cause any thermal cellular damage in a healthy
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or cancerous cell. These results also suggest that the anticancer activity is mediated
by PDT via photochemical interaction mechanisms, not thermal.

In the study of Ji et al., it was determined that ICG and Ce6 loaded albumin
nanoparticles caused a temperature increase of about 12°C and death effect was
created with PTT. It is known that ICG photosensitizer causes thermal effect [86]. It
IS quite natural to see this thermal effect due to the high amount of ICG loaded in
their study. This thermal increase has the capacity to cause thermal damage to the
healthy surrounding tissue. However, since the amount of ICG loaded in our study
was at low concentrations, the temperature increase was low. This shows that the

thermal effect created on the surrounding tissue will be minimal [81].
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Figure 3.5: Temperature Measurements with thermal camera for dual laser light,
PDT25, PDT50, and PDT100 groups.
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Chapter 4

Conclusion

PDT is a light therapy method used in the treatment of cancer and infectious
diseases. The mechanism of PDT begins with photosensitive agents converting
energy from light. This energy triggers the production of mitochondria-targeted ROS
through biological and chemical changes in the diseased tissue. The resulting ROS
causes cellular death in the diseased cell by affecting different cell components and
their functioning. The amount of ROS formed and its location in the cell determines
the effect of PDT. This shows the importance of the location of photosensitive agents
in the cell. For this reason, nanoparticle technology is quite capable of increasing the
efficiency of photosensitizers in PDT. In this study, we created MSN-Ce6@PPI-ICG

57



nanoparticles by loading Ce6 and ICG photosensitizers into MSN nanoparticles. To
activate this dual nanoparticle structure, we designed a dual laser system using
655nm and 808nm laser light. We used a dual laser optics system and dual
nanoparticles in our PDT applications. We observed maximum cellular death in PC3
cells using low concentrations of photosensitizers and light with nanoparticle
structure. In addition, with the nanoparticle structure, the specific uptake of
photosensitizers into cancer cells and their ROS production capacity were increased.
The efficiency of PDT was increased by using two different photosensitizers in the
same nanoparticle. The claimed PDT efficacy was proven by viability analysis,
acridine orange/propidium iodide, DAPI, ROS, MMP, and NO measurements. In
addition, with the temperature measurements, it was shown that the effects seen only
with the PDT mechanism were created without any thermal damage. This study will
be very useful in reducing photosensitizer and light concentrations for in vivo and

clinical studies.
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