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ABSTRACT

Development of Gold/Gold Sulfide Nanoparticles for Photothermal and
Photodynamic Therapy
Dilara Sipahioglu
Master of Science in Chemistry

September 5, 2023

Cancer is a high-mortality disease. There is an urgent need for alternative or
adjuvant therapies with high specificity and efficacy. Light-based therapies offer an
excellent locality and turn on/off modality to the treatment. In photothermal
therapy, the nanoparticle is irradiated with a light source (LED or laser) at a specific
wavelength, which is absorbed by the nanoparticle and converted into heat, causing
damage to the surrounding tissue. In Photodynamic therapy (PDT), the irradiated
photosensitizer, which is usually an organic molecule, generates reactive oxygen
species (ROS) which cause apoptosis, DNA damage, and cell death. PDT is used in

the clinic for specific cancer types, such as head-and-neck cancer.

Nanoparticles are very attractive for various applications due to their tunable
physical, chemical, and biological features. Gold nanoparticles are one of the most
studied due to their inert and biocompatible nature and are used in different fields

such as catalysis, energy, and medicine as a theranostic agent.

In this thesis, a new type of colloidally stable gold nanoparticle with near-infrared
absorbance, namely gold-gold sulfide (GGS) nanoparticles were developed. Then,
these GGS nanoparticles were developed into a multifunctional nanoparticle (NP) to
offer combination phototherapy; PTT and PDT for enhanced therapeutic outcome.
In vitro toxicity studies of these nanoparticles and the efficacy of PTT/PDT therapy

combinations of prostate cancer cell lines have been discussed.

This project is partially founded by TUBITAK project number 119F319 and Miss.
Sipahioglu was founded by TUBITAK BIDEB 2210/4



OZETCE

Fototerapi ve Nitrik Oksit Gaz Terapi i¢in Altin/Altin Siilfiir Nanopargaciklarinin
Gelistirilmesi
Dilara Sipahioglu
Kimya, Yiiksek Lisans

5 Eyliil 2023

Kanser 6lim orani yiiksek bir hastaliktir. Yiiksek 6zgiilliik ve etkinlige sahip
alternatif veya destekleyici tedavilere acil ihtiya¢ vardir. Isik bazli terapiler iyi bir
lokalize tedavi sunar ve tedaviye a¢/kapa yontemi getirir. Fototermal tedavide
nanopargacik, nanoparcacik tarafindan emilen ve ¢cevredeki dokuda hasara neden
olacak sekilde 1s1ya dontisen belli bir dalga boyundaki 1s1k kayani (LED ya da lazer)
1sinlanir.  Fotodinamik terapide (PDT), genellikle organik bir molekul olan
1sinlanmis fotosensitizer, apoptoz, DNA hasar1 ve hiicre 6liimiine neden olan reaktif
oksijen tiirleri (ROS) tretir. PDT klinikte bas-boyun kanseri gibi spesifik kanser

tlrleri i¢in kullanilir.

Nanoparcaciklar ayarlanabilir fiziksel, kimyasal ve biyolojik 6zelliklerinden
dolay1 cesitli uygulamalar icin olduk¢a ilgi c¢ekicidir. Altin nanoparcaciklar
biyouyumlu karakterlerinden 6tiirii tizerinde en ¢ok ¢alisilan parcaciklardan biridir.
Bu oOzellikleri sayesinde teranostik ajan olarak kataliz, enerji ve tip gibi farkh

alanlarda kullanilabilmektedir.

Bu tezde, yakin kizilotesi absorbansa sahip yeni bir koloidal kararli altin
nanoparg¢acigl tiirii olan altin-altin siilfiir (GGS) nanoparcacig: gelistirildi. Bu GGS
nanoparg¢acik daha sonra kombinasyon fototerapisi saglamak icin ¢ok islevli bir
nanopargcacik (NP) halinde gelistirildi; gelismis terapotik sonug icin PTT ve PDT. Bu
nanopargaciklarin in vitro toksisite ¢calismalar1 ve prostat kanseri hiicre hatlarinda

PTT/PDT terapi kombinasyonlarinin etkinligi tartisilmistir.

Bu proje kismi olarak TUBITAK proje numarasi:119F319 ve Sayin Sipahioglu
TUBITAK BIDEB 2210/A tarafindan desteklenmistir.
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Chapter 1: Introduction

Chapter 1:

Introduction

1.1 Gold Nanoparticles

Colloidal gold has been in our lives since the 4th century as colored glasses used
in cathedrals and churches. Modern scientific research started in the 1850s with
Michael Faraday. Michael Faraday discovered ruby gold and started to study the
optical properties of colloidal gold!2. Due to quantum size confinement, gold
nanoparticles (GNPs) differ from their bulk by unique size-dependent features.
GNPs show different colors and catalytic activities than their bulk. Colloidal GNPs
are colored due to the absorbed and scattered light known as the localized surface
plasmon peak (LSPR) phenomenon. The color of GNPs varies from red-pink to blue-
black depending on the size and shape of the nanoparticle. As the size of the gold
nanoparticles increases, the color changes from pink to black3. Nowadays, GNPs are
used in drug delivery, tumor detection, gene therapy, photothermal therapy,

radiotherapy, toxic gas detection, biosensor, and catalytic activities.

1.1.1 Surface Plasmon Resonance

When gold nanoparticles are exposed to light with a larger wavelength than
their size, the electrons on the conductive bands are polarized and start to oscillate
coherently, known as surface plasmon resonance (SPR) (Figure 1.1)* SPR is
measured by absorption or scattering and is affected by the size, shape, and
surroundings due to the electric field density changes. SPR can be red-shifted by
increasing the nanoparticle size or by tuning the size from spherical to anisotropic

(Figure 1.2)5.



Chapter 1: Introduction
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Figure 1.1: Schematic representation of SPR*
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Figure 1.2: Gold nanoparticles absorption band with different size and shape®

112 Synthesis of Gold Nanoparticle

Gold nanoparticles are composed of two parts: inorganic core and organic
coating. The absorbance of the particle is affected by the size of the inorganic core,
while the organic coating is used to functionalize the surface and stabilize the
particle by passivating the particle’s surface. Mainly, there is two synthesis
technique: top-down and bottom-up (Figure 1.3). In the top-down approach, the

bulk gold is divided into small pieces until nano size is reached using molecular

2



Chapter 1: Introduction

beam lithography, laser ablation, reactive ion etching, or wet chemistry etching. In
the bottom-up approach, nanoparticles are formed by nucleation starting from the
atomic level. Generally, metallic salts are reduced by a reducing agent and capped
by a stabilizing agent to prevent aggregation. There is mainly two synthesis method

of Au NPs, the Turkevich and Brust-Schiffrin method.

&
& ¥ 4 &
‘ ] S v'}o
‘ 6 — @ pe——— Pe———— éammmm Au’t
Bulk Nanoparticle Solution
Top-down ...}
Bottom-
approach ' ¥ - ao ::::c:p
Grinding a PP
Milli Chemical
illing Reduction
Pyrrolysis
Laser Ablation
Electrolytic

Figure 1.3: Schema of basic approach of nanoparticle synthesis ¢

In the Turkevich method, simply hot auric acid solution is reduced by sodium
citrate, which is used as both a reducing and capping agent, and wine-red colloidal
gold nanoparticle solution is obtained. By this method, monodispersed particles
were formed with a size around 20 nm?78 and polydisperse nanoparticles with a
larger size than 20 nm®. By changing the ratio of Au*3/citrate, the nanoparticle size
can be tuned. As the ratio of citrate increases, the particle size decreases due to
excess capping agents that prevent further aggregation. Further research is done by
modifying this method to control the size of particles, the seed-mediated method. In
the seed-mediated method, seeds are formed by using a mild concentration of gold
precursor and citrate. Then, by adding further gold precursor and citrate, more
reduced gold is formed and deposed on the surface of the seeds. A precise size of
gold nanoparticle solution can be obtained by controlling the ratio of seed solution

and growth solution®.

The Brust-Schiffrin method is a two-phase synthesis method. Simply auric acid
is transferred to the organic phase (toluene) by tetraoctylammonium bromide

(TOAB) as phase-transfer catalysis and reduced with sodium borohydride in the
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presence of dodecanethiol, where dodecanethiol is the capping agent (Figure 1.4).
Particles synthesized by this method are hydrophobic and have a size of up to 3 nm
with dark brown color®. The shape of the particles is mainly cuboctahedral and
icosahedral, and the particles are very stable. A year later, Brust et al. published a
modified method that uses single-phase and a polar solvent like methanol. The one-
phase method can be used as long as the thiol group is soluble in the same solvent
as the gold precursor. As the thiol ratio increases, the particle size decreases, as with
the Turkevich method. Also, smaller and monodispersed particles can be obtained

by fast addition of the reducing agent and low reaction temperature.

+ Alkane thiol

/-_—\ H
Mhase U . :
transfer + NaBH,
/ \ Reduction

Y
TOAB (lnlumrij
HAuCL, (aq)

~
~

Alkyl thiol protected AuNP

Figure 1.4: Shema of the Brust-Schiffrin synthesis methodé

1.2 Gold-Gold Sulfide Nanoparticles

Gold nanoparticles have an absorbance peak at around 510-600 nm. Nowadays,
research focuses on nanoparticles with absorbance in the near-infrared region
(NIR), which has an absorbance window of 650-1500nm. NIR wavelength is more
useful in medical applications because NIR light has a deeper tissue penetration (10
cm), and the absorbance by tissue and blood is at a minimum level while it is
harmless?, Some research has been done to shift the absorbance peak of Au NPs to
a longer wavelength to form aggregates by changing the pH or adding some salt11.12,

On the other hand, NIR-absorbing Au NPs can be designed by synthesizing non-

4
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spherical ones such as nanorods, nanostars, and nanoplates. Non-spherical Au NPs
have two LSPR peaks, one at around 520 nm and the other at the NIR range3-17.
However, these methods do not have an easy procedure, and these particles are hard

to reproduce.

In 1994, Zhou et al. published an Au NP derivative with two LSPR peaks, one at

520 nm and one between 600-900, named gold-gold sulfide nanoparticle (GGS)18.

121 Synthesis of Gold-Gold Sulfide Nanoparticle

In 1994, a two-step synthesis method of GGS was reported by Zhou et al.18. In the
first step, auric acid (HAuCly) solution and sodium sulfide (Na,S) were mixed at
room temperature to form the unstable gold sulfide( Au,S) particles. Then, a second
portion of Na,S was added to reduce gold on the surface of Au,S. Finally, a mixture
of 5 and 25 nm nanoparticles was obtained. In 2012, Zhang et al. reported a one-step
synthesis method of GGS by reacting HAuCl, with sodium thiosulphate (Na,S,03)°.
Since, Na,S is an unstable chemical and can form variant sulfur compound during
aging, which cause a lack of reproducibility. Na,S,05 is a final and stable form of
Na,S thus, Zhang et al. achieved synthesis are reproducible GGS by adjusting the
molar ratio of HAuCl,/Na,S,05. They obtained small spherical and large non-

spherical particles but lack of stability.

122 Stabilization of nanoparticle

Producing colloidally stable gold nanoparticles is challenging. So far, nobody
reported a colloidally stable and reproducible gold-gold sulfide nanoparticle in the
literature. Stable nanoparticles are required in biological applications due to the
interaction between the nanoparticle and the drug or biological media. When
particles come close to each other, they form agglomerates. When the agglomerates
cannot overcome the gravitation forces, they sink and form precipitations. To
prevent the formation of agglomerates, nanoparticles can be stabilized by

electrostatic, steric, electrosteric interactions, or electrostatic-steric (Figure 1.5)20.
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Electrostatic interaction is composed of attractive and repulsive forces between
charged molecules. The same charges repel each other, so coating the nanoparticle
with a small, charged molecule such as 3-mercaptopropionic acid (3-MPA) and
sodium citrate. The particles will repel each other, which will prevent the formation
of agglomerates. The charge of a particle can be determined by zeta potential, and a
particle is accepted as colloidal unstable when the zeta potential is between -30 mV

and +30 mV due to insufficient charge repulsion?1.

Stabilization can be done by steric interaction, too, by coating the particle with a
neutral big molecule such as poly (ethyl glycol) (PEG) steric hindrance is obtained.
Steric hindrance prevents the particles from coming close to each other, so

agglomerates cannot be formed for precipitations22-24,

Further stabilization can be achieved by electro-steric interaction, composed of
both steric and electrostatic interaction. For electro-steric stabilization, charged, big
molecules such as poly (acrylic acid) can be used as a coating. However, many
parameters can affect electrostatic interaction, such as pH, salt addition, dielectric
properties, and surrounding media21.22. The electrostatic-steric stabilization uses
the same mechanism as electrosteric stabilization, but the stabilization is obtained
by coating the nanoparticle with both uncharged big molecules and charged small

molecules.

Steric Electrosteric
stabilization stabilization

Electrostatic Electrostatic-steric
stabilization stabilization

Figure 1.5: Schematic representation of nanoparticle stabilization techniques
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1.3 Biomedical applications of gold and gold/gold sulfide nanoparticles

Gold nanoparticles are used mainly in biomedical applications thanks to their
size and shape tunability, inert and biocompatible properties, and low toxicity. Gold
nanoparticles can be functionalized by using a targeting agent and/or can be used
as a drug and gene delivery system. GNPs are also known as radiosensitizers

(Figurel.6)25.

Drug delivery Imaging agent

Physical

Nanoenzyme

lewiayjojoyd

Targeting

Figure 1.6: Biomedical application of gold nanoparticles?.
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1.3.1 Photothermal therapy

The number of deaths caused by cancer is over 9 million globally, so research on
cancer treatment has gained high importance over the years. Classic clinical
treatments such as chemotherapy, radiotherapy, and surgery have many side effects
and reduce the patient’s quality of life. Therefore, research on non-invasive
treatment attracts high importance. Thermal therapy is a non-invasive treatment
with minimal side effects. Thermal therapy can be classified basically into three
categories: hyperthermia, diathermia, and thermal ablation. In hyperthermia, the
cells’ temperature increases by 4°C to 9°C, and this increase causes protein
denaturation, which leads to cell death. Hyperthermia can be applied locally,
regionally, or to the whole body. However, local hyperthermia is preferred, which
damages only the tumor and protects healthy tissue. Diathermia involves a
temperature increase of up to 4°C, which does not lead to cell death, but the cells
become more sensitive to radiofrequency or drugs. Thus, diathermia is used with

other therapy, such as radiotherapy and chemotherapy.

Different techniques can be used for thermal therapy: radiofrequency ablation,
microwave ablation, and photothermal ablation. In radiofrequency ablation, the
temperature of the tissue near the probe is increased by the applied radiofrequency.
In microwave ablation, instead of radiofrequency, electromagnetic waves are used.
The electrons of water molecules in the exposed area are aligned with the direction
of applied electromagnetic waves, which cause an increase in energy that leads to a

temperature increase.

In photothermal therapy, the light absorbed by a photothermal agent is
converted to heat, which causes more localized hyperthermia that further protects
the healthy tissue. Preferentially, NIR (700-1000 nm) light is used due to the
transparency of the biological tissue and greater penetration depth of the light.
Nanoparticles are extensively used in this technique due to their unique optical and
magnetic properties. Basically, when the nanoparticle absorbs the light, the
electrons in the conductive bands excite and gain kinetic energy during nonradiative
relaxation to return to the ground state. This kinetic energy causes a temperature

increase in the nanoparticle. Then, the nanoparticle transfers this heat to the
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surrounding tissue, which causes hyperthermia. The gold nanoparticles have gained
interest as photothermal agents due to their inert, biocompatible, and nontoxic
properties. Furthermore, gold nanoparticles with complex structures have a higher
heating efficiency due to the higher light absorption by elongated and sharp-end

structures.

In vitro study of photothermal therapy (Figure 1.7) involves the transfection of
nanoparticles into the cells and incubation at 37°C for a certain period. Then, the
cells were irradiated with the laser, which causes hyperthermia and induces cell
death. The temperature increase strongly correlates with the number of
internalized nanoparticles by the cells. The internalization number of nanoparticles

can be tuned by incubation time, size, shape, and surface functionalizationZe.

Dead
cancer cells

.: . Transfection of nanoparticles

to cancer cells

Internalization of nanoparticle

NIR Laser
in cancer cells

Heating of nanoparticles
by NIR laser

IR Laser irradiation
of cancer cells

Figure 1.7: Schematic representation of in vitro photothermal therapy study steps?¢

1.3.2 Photodynamic therapy

In the mid-20th century, the clinical usage of photodynamic therapy started to be

used among other cancer therapies. Photodynamic therapy is a minimally invasive
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therapy that is nontoxic for healthy tissue while causing tumor cell death.
Photodynamic therapy uses a nontoxic drug or dye known as photosensitizer (PS).
After the internalization of the photosensitizer by cancer cells, the cells are
irradiated with a specific wavelength of light. Subsequently, to laser irradiation,
photosensitizers generate reactive oxygen species (ROS) in the presence of oxygen.
Reactive oxygen species comprise hydroxyl radicals, singlet oxygen, and superoxide.
When PS absorbs light, it is excited to a singlet PS state that can undergo intersystem
crossing to form a triplet PS state. Triplet PS can undergo two different pathways to
release this extra energy. Pathway 1 involves the reaction of triplet PS with
substrates such as cell membrane lipids and the transfer of protons or electrons,
which can form anionic or cationic organic radicals. This radical can further react
with oxygen to form ROS, such as superoxide anion, hydroperoxide radical,
peroxides, and hydroxyl radicals. Pathway 2 involves the reaction of triplet PS
directly with oxygen molecules to generate singlet oxygen?7.28, These two pathways
can occur simultaneously, and their ratio depends on PS photochemical and
photophysical features as well as the substrate and cellular oxygen concentrations.

(Figure 1.8)28.
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Figure 1.8: Schematic representation of photodynamic reaction?s

To achieve the optimal PDT protocol, the tumor sensitivity to PDT should be

determined first. Then, a chemical and photochemical constant PS should

10



Chapter 1: Introduction

accumulate selectively on the tumor side to induce photoinduced cell death. The PS
and light dose concentration should be determined to obtain minimal toxicity on
healthy tissue. Finally, PDT should trigger both activation of non-immunogenic and
immunogenic cell death pathways to obtain distant metastatic cell death and long-
lasting immunological memory to eliminate metastasis (Figure 1.9)28.
Nanotechnology has gained interest in PDT over recent years. Nanoparticles can
target tumors that accumulate PS and increase the solubility of hydrophobic

photosensitizers 29.
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Figure 1.9: An optimal protocol of photodynamic therapy

1.4 Proposal and the aim of the thesis

The first goal of this thesis is to synthesize colloidally stable gold-gold sulfide
(GGS) nanoparticles. GGS nanoparticles are preferred over gold nanoparticles
because they display LSPR peak in the NIR optical window. NIR optical window is
clinically preferred due to tissue transparency and greater penetration depth of
light. The second goal of this project is to utilize the NIR absorbance of GGS
nanoparticles to generate PTT as a localized cancer treatment method. The last goal

is to load these GGS nanoparticles with photosensitizers to achieve localized
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phototherapy combination, namely PDT+PTT+NO for enhanced therapeutic effect

without damaging healthy tissue.

To achieve these goals, GGS nanoparticles were synthesized in water from Au and
S precursors in the presence of a thiolated acid, 3-mercaptopropionic acid (3MPA),
to assure surface passivation and functionalization, which in turn should help
stabilization. Then, stability was improved with electrostatic binding of L-Arginine,
a NO prodrug, to GGS-3MPA. The surface of GGS nanoparticles is negatively charged
due to the 3-MPA coating, while L-Arginine is a positively charged molecule, which
allows the successful electrostatic loading of L-Arginine to GGS nanoparticles. L-
Arginine produces NO gas when heat is applied and/or in the presence of ROS. The
hypothesis here is the local temperature increase with irradiation of GGS NPs at NIR,
and subsequent NO release which is toxic. Further, zwitterionic ALA is
electrostatically loaded to L-Arginine loaded GGS (L-GGS) producing ALA loaded L-
GGS which will be called as AL-GGS. Cancer cells transform ALA to PpIX, a
photosensitizer, and by irradiation at appropriate wavelength (405 or 630 nm), ROS
are produced. So, irradiation of these NPs may produce GGS-based PTT, ALA-based
PDT and L-Arginine based NO gas therapy due to an increase in local temperature
in PTT and/or ROS produced by ALA-PDT. Lastly, ALA targets PEPT1/PEPT2
transporters, hence this proposed composition may offer receptor specificity and
targeted combination photo/NO therapy of cancer. The hypothesis was tested in
vitro using prostate cancer cell lines. For prospective work, the PTT experiment will
be repeated with a longer irradiation time to overcome HSP27 and HSP70. Also, the
NO gas therapy and radiotherapy efficiency of GGS nanoparticles will be

investigated.
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Chapter 2:
Development of gold/gold sulfide nanoparticles

2.1 Introduction

The first scientific research on colloidal gold (ruby gold) was done by Michael
Faraday in the 1850s 12, Gold nanoparticle exhibits size-dependent properties
distinctly from their bulk due to the quantum size confinement. Gold nanoparticles
are widely used in catalytic activity, biosensors, and biomedical applications.
Nowadays, biomedical research mainly focuses on nanoparticles with NIR
absorbance due to deeper penetration depth and lower autofluorescence. GNPs
have a characteristic absorption peak at around 550-600nm; thus, different
methods are used to red-shift the absorbance band of GNPs. Research showed that
pH change and salt addition form aggregate, which red-shifts the absorption peak;
however, the redispersion is hard, limiting the usagell.12. Also, non-spherical GNPs
exhibit NIR absorbance; however, they lack reproducibility and stability 13-17. On the
other hand, small-sized GGS NPs have both the characteristics of 550-600nm
absorbance and 700-1200nm NIR absorbance, which make these nanoparticles

excellent candidates for biomedical applications.

A two-step synthesis method was proposed by Zhou et al.18. First, HAuCl, was
reduced with Na,S to form unstable Au,S. Then, a second portion of Na,S was added
to the reaction to reduce Au on the surface of Au,S for stabilization. Finally, a
mixture of 5 and 25 nm nanoparticles was obtained. However, Na,S is an unstable
chemical that complicates reproducibility. Then, a single-step synthesis was
proposed with the reduction of HAuCl, with Na,S,031°. Highly reproducible small
spherical and large non-spherical particle was obtained. However, these particles
are unstable and aggregate over time. Surface coatings passivate the surface, which
can control the crystal growth. The particle can be stabilized using charged or long-

chain molecules with electrostatic, steric, or a combination of these interactions. The
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coating material influences the optical properties, cytotoxicity as well as cellular

uptake.

Plasmonic nanoparticles such as GNPs and GGS can transform absorbed light
into heat with various fast photo-physical processes. First, subsequently of light
absorption, the electron in the conductive band generates heat by electron-electron
and electron-photon relaxation. Then, this heat is released to the surroundings by
phonon-phonon relaxation30. Thus, GGS is a promising nanoparticle for
photothermal therapy because of its high light-to-heat conversion efficiency and NR

absorbance property.

In this work, we synthesize GGS and electrostatically load L-Arginine (L-Arg) as
both therapeutic and stabilizing agents. Then, ALA was loaded for targeting and
photodynamic therapy. Their structure was investigated by TEM, XPS, XRD, and

FTIR. Finally, the light-to-heat conversion efficiency of this particle was investigated.

2.2 Materials and Method

221 Materials

Gold (III) chloride trihydrate (HAuCl,-3H,0) and sodium thiosulfate
anhydrate (Na2S203) were obtained from Sigma-Aldrich. 3-Mercaptopropionic acid
(3-MPA) and L-Arginine was purchased by Merck. 5-aminolevulinic acid (ALA) was
purchased from RPI, Corp. (USA). Ultracentrifuge tubes with polysulfone filtration
membranes (10 kDa) were from Sartorius (Germany). All chemicals were of the
highest purity or analytical grade, and only ultra-pure water was used (18.2 M),

Rephile Bioscience, and Technology, Shanghai, China).

2.2.2 Instruments

The UV-Vis absorption spectrum was obtained using the Shimadzu UV-VIS-NIR
spectrophotometer in the 300-1300 nm range regarding water by using 10mm long

quartz cuvettes. Hydrodynamic size and zeta potentials were measured by Malvern
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Zetasizer Nano ZS. Surface analysis of GGS was analyzed by Thermo K-Alpha X-Ray
Photoelectron Spectrometer. XRD analysis was performed by using Bruker D8
Advanced X-Ray Diffractometer. By using the Thermo Scientific iS10 FT-IR
instrument, the functional group analysis was performed between 650-4000 cm-!
wavenumber range with a resolution of 4 cm! with air background. TEM analysis
was performed to confirm the particle sizes and shapes using Hitachi 7800 TEM.
Laser-induced solution heating was performed with 800 nm continuous-wave Ti*3:
Sapphire laser and 640 nm continuous-wave fiber-couple diode laser. The

temperature increase was measured with a k-type thermocouple.

2.2.3 Synthesis of gold-gold sulfide nanoparticles

According to the literature, the core of GGS was synthesized3!.8.55 X 10~ 3mmol
of HAuCl, - 3H,0 was mixed with 6.6 X 10~3mmol Na,S, 05 under vigorous stirring
(500 rpm) at room temperature. After 10 min 8.55 X 10"?mmol of 3-MPA was
added as a capping agent. The reaction was stopped by the end of 30 min and
washed immediately with DI water using a 10kDa ultracentrifuge tube to get rid of

excess reagent and stored in the dark at 4°C.

+ N325203 10 min e 3-MPA
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Shema 2.1: Synthesis of GGS

2.2.4 Electrostatic loading of L-Arginine onto GGS

An isothermal titration calorimetry analysis was performed to determine the
complete binding of L-Arginine onto GGS. 1 ml aliquots of 0.3 mg/ml GGS in water
was titrated with 5 mg/ml L-Arginine (240ul) with a rate of 5ul/s (10min of
equilibration time was set between each injection). During the experiment, the
temperature was stable at 25°C. According to the isothermal titration calorimetry

results, a maximum of 0.83 mg of L-Arg is loaded onto 1 mg GGS. Accordingly, L-Arg
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was slowly added into the GGS solution and stirred in the stirrer for 2 hours at 400

rpm at room temperature.

Shema 2.2: Synthesis of L-GGS

225 Electrostatic loading of 5-aminovulenuic acid onto L-GGS

1 ml aliquots of 0.34 mg/ml GGS in water was titrated with 5 mg/ml ALA
(240ul) with a rate of 5ul/s (10min of equilibration time was set between each
injection). During the experiment, the temperature was stable at 25°C. According to
the isothermal titration calorimetry results, a maximum of 0.21 mg of ALA is loaded
onto 1 mg L-GGS. Accordingly, ALA was slowly added into the L-GGS solution and

stirred in the stirrer for 3 hours at 400 rpm at room temperature.
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Shema 2.3: Synthesis of AL-GGS
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2.2.6 Inorganic content of gold-gold sulfide nanoparticles

To determine the organic content of the GGS, thermal gravimetric analysis
(TGA) was performed using TA Q500. Freeze-dried GGS nanoparticles were heated
up to 900°C from room temperature with a 10°C/min constant increase under a
nitrogen atmosphere. 15-minute isothermal step at 100°C was added to remove the

absorbed humidity from the sample.

2.2.7 Laser induced solution heating

The temperature increase of 100 pg[Au]/ml L-GGS and AL-GGS was determined
by irradiating with 640nm and 808nm laser for 30min in a polystyrene cuvette. The
temperature increase was measured with a thermocouple. The stability of

photothermal heating was demonstrated by three on/off cycles.

2.3 Results and Discussion

2.3.1 Synthesis and characterization of GGS

Colloidally stable GGS nanoparticles were synthesized from auric acid in a
method modified from Zhang et al.1°. Initially, HAuCl, - 3H,0 was reduced with
Na,S,0; and 10 min after 3-MPA was added as the capping agent. This allows
nucleation and growth of the crystals. The mol ratio of Au:S:3-MPA is optimized at
1:0.77:10. Colloidal GGS NPs have two absorbance peaks, one at 540nm and a broad
one between 750-1300 nm and a shoulder between these two peaks (Figure 2.2a).
The anionic GGS NPs has a strong surface charge (zeta potential is -28 eV) critical
for electrostatic stabilization and bimodal hydrodynamic size distribution, 3.3/98.1
nm (number/intensity-based average) (Table 2.1). The organic content of GGS is

23.3% (Figure 2.2b).

Next, L-Arg was electrostatically loaded to these anionic GGS NPs producing L-
GGS (L-Arg loaded GGS NPs). The pKa values of the carboxylic acid, primary amine,

and guanidine groups are 2.2, 9.0, and 12.5, respectively. GGS NPs have an anionic
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surface due to carboxylate groups; thus, the NH;* group of L-Arg electrostatically
bind to the GGS surface. Upon electrostatic loading, the shoulder between 540nm
and 750-1300nm disappears, and the intensity of the NIR peak increases
significantly. Also, the hydrodynamic size changed from 3.3/98.1 to 2/69-3
(number/intensity-based average) and the zeta potential changed from -28 eV to -
45 eV (Table 2.1). These may indicate the disassembly of the loose aggregates
(Figure 2.2a). Indeed, 3MPA coated GGS NPs were prone to some agglomeration
upon centrifugation, however, when L-Arg was loaded colloidal stability over a year

was observed.

For photodynamic therapy, 5-aminolevulinic acid (ALA) was electrostatically
loaded as a protoporphyrin prodrug to the L-GGS. The pKa values of carboxylic acid
and primary amine of ALA are 4.05 and 8.9, respectively. At its zwitterionic state
ALA binds from its NH;" group electrostatically to the anionic L-GGS NPs. After
electrostatic loading, the UV-Vis spectra and hydrodynamic size did not change
significantly. Hydrodynamic size changed from 2/69-3 to 1.8/65-4
(number/intensity-based average). The zeta potential changed from -45 eV to -42.4
eV (Table 2.1).

Electrostatic loading of L-Arg and ALA onto GGS was first tested and confirmed
via titration of GGS NPs the agents using nano-isothermal titration calorimetry
(nano-ITC). According to Figure 2.1, as 3-MPA coated GGS NPs were titrated with L-
Arg and then L-GGS NPs were titrated with ALA exothermic enthalpy changes and a
saturation point were observed, which proves the electrostatic loading (Figure 2.1).
The dissociation constant (K4) for L-Arg and ALA was 9.85x107° and 5x108M,
respectively which is in the acceptable range of 1x10*M>K,;>1x10°M32, The
number of peaks until the saturation point shows the maximum amount of L-Arg
and ALA that can be loaded to NPs. According to the ITC results, a maximum of 0.83
mg of L-Arg can be loaded onto 1 mg GGS, while a maximum of 0.21 mg of ALA can
be loaded onto 1 mg L-GGS. This formulation was used for the rest of the studies

reported in this thesis.
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Table 2.1: Hydrodynamic size and zeta potential of GGS in water

Sample Dh-number 2 (nm) Dh-intensity P (nm) Zeta potential (mV)
GGS 3.3 98.1 -28

L-GGS 2 69-3 -45
AL-GGS 1.8 65-4 -42.4

Error! Unknown switch argument Hydrodynamic size reported by DLS was reported as the number
average.

Error! Unknown switch argument. [{ydrodynamic size measured by DLS was reported as the intensity average.

According to the FT-IR spectra of GGS, we did not observe a stretching band
between 2550-2600 cm 1 which confirms that the thiol group of 3-MPA is bound on
the surface of gold. The strong stretching band at 1708 cm-1 was assigned to the C=0
stretching from the carboxylic acid. For L-GGS, the broad band between 2500-3500
cm-1lis assigned to the stretching of O-H of the carboxylic group. The stretching band
of the guanidino group was observed in both L-GGS and L-Argat 1625 cm'! and 1635
cm-l respectively. Also, amide II stretching bands at 1543 cm-! and 1558 cm™! was
observed for L-GGS and L-Arg, respectively. Finally, the C-N stretching for the amine
group was observed at 1171 cm'1 and 1177 cm! for L-GGS and L-Arg, respectively.
The guanidino, amide II, and C-N stretching indicates the successful loading of L-Arg
to GGS. The band at 1640 cm-! corresponds to the C-N stretching of the imine group.
The C=O0 stretching of the ketone group was observed at 1738 cm'1 and 1732 cm1.
corresponding to AL-GGS and ALA, respectively. The C=0 stretching of AL-GGS is
observed to be very small due to the high signal intensity of the N-H bending of the
amine group. The C=0 stretching approved the successful loading of ALA to L-GGS
(Figure 2.3).
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GGS has 20 values of 32.6, 36.6, 38.5, 44.7, 52.0, 64.9, and 78.5 that correspond
to the AuzS(111), Au2S(200), Au(111), Au(200), AuzS(220), Au(220), and Au(311)
diffraction peaks, respectively (Figure 2.4a). The Au;S and Au peaks are assigned
according to PDF-04-007-4652 and PDF-00-066-0091. Since the crystal size is very
small, the AuzS(111) and AuzS(200) are broad and thus overlap and are observed
as one broad peak. Au peaks showed a face-centered cubic (fcc) crystal system
with a 225-space group, while Au,S showed a simple cubic crystal system with a
224-space group (Figure 2.4a). %-Crystallinity was calculated as 42.7%. The
crystal size of the gold nanoparticle calculated with the Au(111) peak was found as
6.73 nm, while the crystal size of the gold sulfide nanoparticle calculated with
AuzS(111) and Au2S(200) was found as 3.19 nm. The ratio of GNP:GGS was 13:1
using Topas software fundamental method Rietveld. Indeed, the exact structure of

the GGS NPs are not clear in the literature and not clear here, either.
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Figure 2.4: Figure 2.4: a) XRD spectra of GGS. b) XRD spectra of AuZS-incorporated ferritin33.
¢c) XRD of AuZS (c) (Sigma-Aldrich )3

XPS analysis showed one type gold and one type sulfur peaks at 83.86 eV of Au
4f7,, corresponding to metallic gold (Au?), and 162.34 eV of S 2p3,2 of Au-S bond
which is due to Au-3MPA binding (Figure 2.5). However, the binding energy of Au*
was not observed coming from the Au-S bond. According to the literature, the small
peak separation and the domination of the Au? peak prevent the observation of Au*
binding energy35. Depth profile analysis of 20-layer etch was performed to
determine the structure of GGS. Before etching, the ratio of Au:S was 1.27:1, while
after 20 layers of etching, the ratio of Au increased to 7.35:1. The outer layer of GGS
is composed of coating, which has S that confirms the higher S ratio. However, since
the material is not a thin film, depth analysis does not necessarily indicate inner

atoms. Depth analysis did not show any other type of S either.
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Figure 2.5: a) Au 4fand b) S Zp XPS spectra of GGS

According to the TEM images, GGS consists of small-spherical and larger non-
spherical particles that agrees well with the two SPR peaks. Non-spherical particles
consist of rods, triangles, truncated triangles, and hexagons (Figure 2.6). The d-
spacing of the deltoid and the rod was found as 2.7 A. The diameter of the small-
spherical particles is around 3 nm while the diameter of small anisotropic particles
are around 12 nm, and the edge of rods are around 20 nm. On the other hand, the
edge of larger anisotropic particles range between 20-45 nm. The size of small-

spherical and large non-spherical is in correlation with DLS measurement.
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Figure 2.6: a) High resolution TEM image b) TEM image of GGS

2.3.2 Properties of GGS NPs

Light-to-heat conversion of GGS NPs is critical for PTT. This was tested at visible
and NIR wavelengths. Despite the NIR peak maximum of GGS NPs are between 900-
950 nm, the laser that is available for our studies is at 808 and 795 nm, so we have
worked with 640 nm and the NIR lasers. Irradiation of aqueous L-GGS (100 g
[Au]/mL) with 640nm and 808nm laser for 20 min caused an average of 9°C and
10.5°C temperature increase, respectively. AL-GGS showed an average of 10.1°C and
11.8°C temperature increase after 20 min irradiation with 640nm and 808nm laser,
respectively (Figure 2.7a and 2.7b). Light-to-heat conversion efficiency was 55.1%
and 63% for L-GGS irradiated with 640nm and 808nm laser, respectively. On the
other hand, the light-to-heat conversion efficiency of AL-GGS was 67.6% and 58.6%
after irradiation with 640nm and 808nm laser, respectively. Both L-GGS and AL-GGS
showed a stable light-to-heat conversion after three on/off laser irradiation cycles

(Figure 2.7¢).
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2.4 Conclusion

In this study, aqueous anionic GGS NPs were synthesized in a single simple step
with visible and NIR SPR bands (540nm and 750-1300nm) successfully. The size

distribution of GGS comprises both small spherical particles and bigger anisotropic
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particles with different shapes, such as rods and triangles. L-Arg as NO producer and
ALA as a PDT prodrug were sequentially loaded to the GGS NPs successfully utilizing
electrostatic interaction of the NP surface with the agents. This provided colloidally
stable therapeutic GGS NPs. All GGS solutions showed a significant temperature

increase with laser irradiation.
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Chapter 3:
Gold/gold sulfide nanoparticles for photothermal and
photodynamic therapy

3.1 Introduction

Phototherapies have attracted attention over the years due to the minimally
invasive and localized procedure. Photothermal therapy consists of light absorption
by a thermal agent converted to heat. Among nanoparticles, gold nanoparticles
attract attention due to their inert and biocompatible properties. NIR light is
preferred in photothermal therapy due to biological transparency and higher
penetration depth. Thus, gold/gold sulfide nanoparticle with NIR absorbance is
highly promising in photothermal therapy.

In photodynamic therapy, ROS formation is generated by exciting
photosensitizer with light. PS are classified as first, second, and third generation.
First-generation PS consists of a hematoporphyrin derivative. The second
generation consists of porphyrins, bacteriochlorins, phthalocyanines, etc. On the
other hand, third-generation PS consists of the conjugation of PS to nanoparticles as
nanocarrier. Nanoparticle-based PS can target tumors and can increase the

solubility of hydrophobic PS36:37,

5-aminolevulinic acid (ALA) is a prodrug of protoporphyrin IX (PpIX), widely
used PS in PDT. ALA is an endogenously produced amino acid in mitochondria. In
the heme synthesis pathway, ALA is converted to PpIX. Exogenous addition of ALA
to the tumor side causes the over-accumulation of PplX, which makes it highly

suitable for PDT (Figure 3.1)38.

In this study, we investigated the potential of L-GGS and AL-GGS as PTT and PDT
agents. In vitro toxicity and PTT/PDT efficiency of these nanoparticles were

investigated using PC3 and DU145 prostate cancer cell lines.
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Figure 3.1: PpIX conversion by heme synthesis pathway of ALA%?

3.2 Materials and Method

321 Materials

Roswell Park Memorial Institute 1640 (RPMI 1640), L-glutamine (L-glu),
Penicillin-streptomycin (pen/strep), trypsin-EDTA (try), fetal bovine serum (FBS)
was provided by Diagnovum (Germany). 3-(4,5-dimethythiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and phosphate-buffered saline (PBS) tablets
were purchased from Bio-Matic Corp. While Dimethyl sulfoxide Hybri-MaxTM was
obtained from Sigma (USA). Finally, 96-well flat bottom plates were bought from
Nest Biotechnology Co. Ltd. (China). LDH assay was bought from Promega (USA).
PC3 and DU145 cells was a generous gift from Goézuagik Lab.
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3.2.2 Instruments

The cell viability test was calculated using a Synergy-H1 microplate reader,
BioTek Instruments Inc. (Vermont, USA). In vitro cell heating experiments were
done by using a 640 nm continuous-wave fiber-couple diode laser and a 795 nm
diode laser. The temperature increase was recorded with a thermal camera. Cell
images were collected by using a live cell fluorescence microscope (Carl Zeiss, Oxio

Observer Z1).

323 Cell Culture

PC3 and DU145 cells were cultivated in RPMI 1640 medium (supplemented
with 10% FBS, 2% L-glu (2ZmM), 1% pen/strep) in a 37°C incubator at 5% CO2-
humidified atmosphere. Before passaging, the cells were washed with PBS and

trypsinized with 0.05% try.

3.2.4 Cytotoxicity assay

MTT measures the mitochondrial activity by forming formazan with the
mitochondrial enzyme of viable cells. Thus, it is widely used to measure the

cytotoxicity.

First, cells were seeded with 10000 cells/well concentration in a 96-flat
bottom well plate and incubated overnight. Then, the culture medium was changed,
and the cells were treated with 0-100 pg [Au] /ml L-GGS, AL-GGS, L-Arg, and ALA for
24h as long incubation. To investigate the targeting effect of ALA, the same
procedure was done, but the concentration increased to 100-150 pg [Au] /ml L-GGS,
AL-GGS, L-Arg, and ALA and the incubation time decreased to 12h to eliminate
passive uptake effect. After the incubation, the medium with GGS was removed, and
50pul of MTT (5mg/ml in PBS) and 150pl of fresh medium were added to each well
and incubated for 3 h. Finally, the formed purple formazan was dissolved in 200ul
DMSO:EtOH (1:1 v/v) solutions, and plates were shaken gently for 15 min. The cell

viability was measured by reading the absorbance at 570nm with a reference
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reading at 650nm in a microplate reader. The following equation was used to

calculate the cell viability:

o Absorbance(treated)
Cell viability (%) =

1 =
Absorbance(control) x 100 (n =5)

3.2.5 Photothermal therapy

PC3 and DU145 cells were seeded with a 10000 cells/well concentration in a
96-well plate and incubated overnight. The cells were treated with L-GGS and AL-
GGS between 37.5-50 pg [Au]/ml for 24h. Then, the medium was replaced with fresh
medium. Cells were irradiated for 10 min from the bottom with 640 nm with a
power of 280 mW at a constant 37°C environment. The temperature increase was

tracked with a thermal camera.

For PC3 cells, the same procedure was done, but the concentration of L-GGS and
AL-GGS was between 100-200 pg [Au]/ml, and the cells were co-irradiated for 10
min with 640 (0.73 W/cm?2) and 795 (2.08 W/cm?2) nm laser. Cell viability tests were
performed with MTT assay.

3.2.6 Detection of PplX formation

PC3 and DU145 cells were seeded with a concentration of 12500 cells/well in a
96-well plate and incubated overnight. The cells were treated with 50 pg [Au]/ml L-
GGS, AL-GGS, L-Arg, and ALA for 24h. After incubation, the medium was removed,
and PBS was added. Finally, images were collected with Live Cell Fluorescence
Microscope (Carl Zeiss, Oxio Observer Z1) by using bright field and porphyrin filters
(Aexc:365 nm and Aem:683 nm).
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3.2.7  Photodynamic therapy

PC3 and DU145 cells were seeded with a 10000 cells/well concentration in a
96-well plate and incubated overnight. The cells were treated with 25-75 pg [Au]/ml
L-GGS, AL-GGS, and corresponding concentrations of L-Arg and ALA for 24h. After
incubation, the medium was changed to fresh medium, and cells were irradiated
with 640 nm (0.73 W/cm?) for 10 min. Laser-irradiated cells were incubated

overnight. Then, cell viability was determined by using an MMT assay.

The same procedure was applied to determine the targeting effect of ALA,
except that the cells were treated with 50-100 pg [Au]/ml L-GGS, AL-GGS, and

corresponding concentrations of L-Arg and ALA for 12h.

3.2.8 Determination of ROS

PC3 and DU145 cells were seeded and treated with GGS as described in the
PpIX determination study. Before 640 nm laser irradiation (0.73 W/cm?) for 10 min,
the medium of the cells was removed, and 200ul of PBS with 10uM DCFH-DA was
added and incubated for 40 min. Then, laser irradiation images were collected with
a live cell fluorescence microscope with a bright field and DCFH filter (Aexc:470 nm

and Aem:525 nm).

3.2.9 LDH Assay

PC3 and DU145 cells were seeded with a 10000 cells/well concentration in a
96-well plate. The cells were treated with 50 pg [Au]/ml L-GGS, AL-GGS, and
corresponding concentrations of L-Arg and ALA for 24h. After the incubation time,
the medium was changed to a fresh medium. Laser-irradiated cells were incubated
overnight. The medium of each group was collected into Eppendorf, and the cells
were trypsinized for 5 min at room temperature. The detached cells were collected
and put into corresponding Eppendorf. The cells were centrifuged at 600xg for 10

minutes. 10 pl of the supernatant medium was transferred into a new 96-well plate
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(3 replicas), and 100 pl of LDH solution (composed of 100 pl assay buffer and 2 pl
WST substance) was added. The cells were incubated for 30 min, and the
absorbance was read at 450 nm with a microreader. LDH released from the cells
oxidizes lactate, which releases NADH. NADH reacts with WST, and a yellow color is

observed.

3.2.10 Statistical analysis

Statistical analysis was done using 2-way ANOVA from the GraphPad Prism 9
software package (GraphPad Software, Inc., USA). All data were expressed as mean

+ standard deviation (SD), and p<0.05 was considered statistically significant.

3.3 Results and Discussion

331 Dark toxicity of GGS

The dark toxicity of L-GGS, AL-GGS, L-Arg, and ALA was evaluated on PC3 and
DU145 prostate cancer cells using an MMT assay. Since above 80% viability is
accepted as non-toxic by ISO 10993-5, all agents were safe between the studied dose
range. NP does were given as the Au content of the NPs and tested between 25-100

ug [Au]/ml (Figure 3.2).
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Figure 3.2: Dose-depended viability of a) PC3 and b) DU145 treated with L-GGS, AL-GGS,
L-Arg, ALA after 24h and 12h incubation (n=>5)

332 Determination of efficient GGS NPs and irradiation wavelength for

phototherapy

Red (640 nm) laser irradiation is clinically used for ALA-PDT and as shown in
Figure 2.7 triggered photothermal heating of GGS NPs. NIR 795 nm laser also triggers
photothermal effect. We also have a laser system where dual wavelength irradiation is
possible. In order to evaluate the effect of laser wavelength on killing cells treated with
AL-GGS a set of experiments were conducted. PC3 cells treated with AL-GGS NPs
between 50-200 pg [Aul/mL and irradiated separately 5 min at 640 nm, 795 nm and
subjected to co-irradiation at 640 and 795 nm (Figure 3.3). For comparison PC3 cells
treated with free ALA at equivalent concentration to the cargo of AL-GGS were irradiated
in the same way. AL-GGS/640 nm irradiation reduced the cell viability below 25 % at
the lowest dose and caused near complete loss of viability at the higher doses. However,
at the high doses the cell killing was similar to free ALA and advantage of the produced
particle was only clear at the lowest dose at which ALA-PDT only caused about 60%
reduction in viability. On the other hand, AL-GGS/795 nm irradiation caused about 20-
40% reduction in viability. Significant toxicity in ALA/795 nm protocol may arise from
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two photon absorption of ALA which may also support increasing cell death when free
ALA was coupled with co-irradiation. AL-GGS/co-irradiation caused dramatic losses in
viability but the difference from AL-GGS/640 nm irradiation was not dramatic,
suggesting ALA-PDT as the major source of phototoxicity and small contribution of GGS
based PTT at 795 nm. However, the dramatic difference of ALA-PDT at 640 nm and AL-
GGS/640 nm phototoxicity may originate from increased ALA internalization via NP
delivery system as well as some temperature increase due to 640 nm irradiation of the
GGS (Figure 2.7). Thus, only 640 nm laser irradiation was used for the rest of the studied

but the irradiation time was increased to 10 min for enhanced killing.
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Figure 3.3: Viability of PC3 cells treated with corresponding concentration of 50-200 pg [Au]/ml
AL-GGS or free ALA for 24h and irradiated with 640 nm laser (0.73 W/cm2) and/or
795 nm laser (2.07W/cm?) for 5min

333 Photothermal therapy potential of GGS

PTT based Kkilling triggered at 795 nm was low, hence temperature change of
the irradiated cells were monitored with a thermal camera. The concentration of
the particles in the cell studies were lower than the solutions used for the light-to-
heat conversion studies reported in Chapter 2. At 37.5and 50 pg [Au]/ml no
significant increase in temperature of the cells were observed (Figure 3.4a). Thus, a
higher concentration of L-GGS (50-200 pg [Au]/ml) was tried with PC3 cells by co-
irradiating with 640 and 795nm lasers for 10 min, and a temperature increase up to
9.8°C was observed at 200 ug [Au]/mL along with about 5°C increase at 50 pg
[Au]/mL (Figure 3.4b). However, we could not observe a dramatic photothermal

therapy effect (70% cell viability) (Figure 3.4c). The elevated heat shock protein
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expression level of PC3 and DU145 can explain this49. For PC3 cells at 46°C 20min is

required to reduce HSP70 while 12 min is enough for HSP27 to obtain ICs0*!. Hence,

in future studies co-irradiation for 20 min may be studied to trigger a stronger PTT

effect.
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Figure 3.4: In vitro temperature increase of treated cells: a) PC3 and DU145 cells irradiated
with 640 nm laser b) PC3 cells co-irradiated at 640 and 795 nm c) viability of PC3
cells after 10min 640 and 795nm co-irradiation (n=3)

3.3.4

Intracellular PpIX generation

The conversion efficiency of ALA to PpIX mainly determines the photodynamic

therapy potential of ALA. ALA is a porphyrin precursor in the heme synthesis

pathway, and some cancer cells convert it to PpIX more efficiently than healthy cells

38, ALA also targets PEPT1/PEPT2 which is overexpressed in PC3 and deficient in
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DU145 cells 4243, PC3 and DU145 cells were treated with 50 pg[Au]/ml L-GGS, AL-
GGS, corresponding to 47 pg/ml L-Arg, 22 pg/ml ALA, and L-Arg+ALA for 24h. Then,
the intracellular PpIX generation was determined by fluorescence microscopy
(Figure 3.5). A strong PpIX red fluorescence was observed in ALA, ALA/L-Arg and
AL-GGS treated cells indicating effective delivery of ALA to PC3 cells with the NP and
efficient conversion to PplIX. In the fluorescence images, the PpIX accumulation in
DU145 cells seems similar to PC3 cells treated with ALA. The reason is that the cell
density of DU145 cells is much higher, which gives the impression of higher PpIX
accumulation. For PC3, there is no significant difference in signal intensity between
AL-GGS and ALA, but the signal intensity of cells co-incubated with both L-Arg and
ALA is significantly lower with similar cell density. For DU145, the highest PpIX
accumulation was observed in cells treated with AL-GGS, while no significant
difference was observed between cells incubated with ALA and co-incubated with

both L-Arg and ALA.
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Figure 3.5: Detection of intracellular PpIX signals from the cells a) PC3 b) DU145 cells
treated with 50ug [Au]/ml L-GGS, AL-GGS, L-Arg, ALA, L-Arg+ALA for 24h

3.3.5. Intracellular ROS generation

The photodynamic therapy mechanism involves the energy transfer from the
excited photosensitizer to the surrounding and/or oxygen molecules to form ROS
and/or singlet oxygen, respectively 44. Thus, intracellular ROS generation is critical
for successful PDT. PC3 and DU145 cells were incubated with 50 pg[Au]/ml L-GGS,
AL-GGS, corresponding to 47 pg/ml L-Arg, 22 pg/ml ALA, and L-Arg+ALA for 24 h.
Then cells were incubated with DCFH-DA for 40 min and irradiated with 640nm
laser (0.73 W/cm?) for 10min. Fluorescence microscopy images of the treated cells
indicated a higher basal ROS level for PC3 than DU145 cells (Figure 3.6), which is in

correlation with the literatures. In PC3 cells, there is no significant difference in
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signal intensity between AL-GGS and ALA compared to DU145 cells. The highest
signal intensity in PC3 cells was observed in cells treated with AL-GGS and ALA;
however, no significant difference is observed between them. On the other hand,
DU145 cells treated with AL-GGS showed a remarkably higher signal intensity.
These findings are in correlation with the MTT assay performed in photodynamic

studies, except for DU145 which is probably more resistant to ROS
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Figure 3.6: Fluorescence image of ROS generation of a) PC3 b) DU145 cells treated with
50 ugfAuj/ml L-GGS, AL-GGS, L-Arg, ALA, L-Arg+ALA for 24h

3.3.6 Photodynamic therapy

Phototoxicity of AL-GGS/640 nm irradiation protocol was further investigated
in PC3 and DU145 cells. Cells were incubated between 25-75 pg [Au]/ml L-GGS and
AL-GGS corresponding to 23.5-70.5 pg/ml L-Arg and 11-33 pg/ml ALA for 24h.
Then, cells were irradiated with a 640 nm laser (0.73 W/cm?) for 10 min (Figure
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3.7). Laser control showed no phototoxicity, proving it as a safe laser dose. No
phototoxicity was observed with cells treated with L-GGS, demonstrating that in the
absence of ALA, GGS did not show phototoxicity. Free L-Arg, ALA, and co-incubated
L-Arg and ALA did not show any phototoxicity except the highest dose of ALA in PC3
cells, which decreased cell viability to 70%. Since ALA targets PC3, we observed
higher phototoxicity of AL-GGS in PC3 than in DU145 cells, as expected. In PC3 cells,
50 pg[Au]/ml AL-GGS decrease cell viability to 3% while 75 pg [Au]/ml cause
complete cell death; however, this difference is not statistically significant. On the
other hand, AL-GGS cause up to 70% reduction in viability of DU145 cells with the
highest AL-GGS concentration (Figure 3.7a).

To demonstrate the targeting effect of ALA, the incubation time was decreased
to 12 h to minimize the passive internalization of nanoparticles. At lower incubation
time, no phototoxicity was observed at the same concentrations. Thus, the
concentration was increased to 100 pg[Au]/ml GGS, corresponding to 94 pg/ml L-
Arg and 44 pg/ml ALA. At this concentration, the cell viability of PC3 decreased to
40%, while the cell viability of DU145 was decreased by only 30%. This difference
successfully demonstrates the targeting effect of ALA on PC3 cells (PEPT1/PEPT2
channels (Figure 3.7b).
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Figure 3.7: Viability of a) PC3 and b) DU145 cells, treated with corresponding
concentrations of 25-75 ug [Auj/ml L-GGS, AL-GGS, L-Arg, ALA, L-Arg+ALA for
24h and 12h incubation and irradiated with 640 nm laser (0.73 W/cm?) for

10min

3.3.7 LDH assay

Lactate dehydrogenase is an enzyme quickly released to cell culture media after

loss of cell membrane integrity. For DU145 cells with no laser treatment, the LDH

levels were the same. However, DU145 cells treated with AL-GGS and laser showed

a significant increase in LDH release. On the other hand, PC3 showed a higher basal

LDH release. LDH released by cells treated with AL-GGS and laser was significantly

higher in PC3, and a significant difference was observed with DU145 cells (Figure

3.7).
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Figure 3.8: LDH assay ofa) PC3 and b) DU145 treated with NPs and 640 nm laser

3.4 Conclusion

This study showed the cytotoxicity, photothermal, and photodynamic therapy
potential of L-GGS and AL-GGS NPs. Photothermal therapy efficiency was low due to
the high expression of HSP in PC3 and DU145 cells. In contrast, highly efficient
photodynamic therapy, may be coupled with mild hyperthermia and possible with
ROS triggered NO release from L-Arg, was obtained with AL-GGS at 10 min 640 nm
irradiation. The cell viability drops to 3% even though the concentration of ALA was
low (0.13mM). The targeting effect of ALA was observed with high expression of
PEPT1/PEPT2 in PC3. These findings indicate that GGS can be a good nano-

transporter of ALA.
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Chapter 4:
Perspectives for future studies

In this work, GGS was designed and structurally analyzed to investigate the
potential application in cancer therapy. L-Arg was electrostatically loaded to
increase the colloidal stability, and ALA was loaded as a targeting agent and PpIX
prodrug. The PTT potential can be investigated by prolonging the laser irradiation
time. L-Arg is a NO prodrug; thus, the contribution of NO gas therapy should be
examined further. Gold nanoparticles are used as a radiosensitizer. Thus, the

radiotherapy potential of GGS is also under investigation.
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