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ABSTRACT

EVALUATION OF PHOTOSTABILITY, CELLULAR
UPTAKE, PHOTOCHEMICAL MECHANISM AND
PHOTODYNAMIC EFFICACY OF ROSE BENGAL
INCORPORATED MESOPOROUS SILICA
NANOPARTICLES

Cancer is a complex disease that poses a significant global threat to human
health. Traditional treatment methods, may not be effective in all cases and often
result in numerous side effects. Photodynamic therapy (PDT) utilizes photosensitizing
agents and light of specific wavelengths to selectively kill malignant cells without harm
other tissue. However, the photosensitizing agents used in PDT often face challenges
such as poor solubility in blood or low lipophilicity, which causes aggregation or in-
efficient accumulation of these agents in tumor tissue. To address these issues, drug
delivery systems like mesoporous silica nanoparticles (MSNs) are employed to deliver
the photosensitizing agents to the tumor site efficiently. In this study, Rose Bengal, a
photosensitive compound, was incorporated with MSNs and tested on the A-549 lung
cancer cell line in terms of photostability, cellular uptake, photochemical mechanism,
and photodynamic efficacy. The results showed that Rose Bengal-incorporated MSNs
produced more singlet oxygen compared to free Rose Bengal. Additionally, the pho-
tostability of Rose Bengal was enhanced when incorporated into the mesoporous silica
matrix. The cellular uptake did not show a significant change. However, it should be
kept in mind that these experiments were conducted on an in vitro model and the real
effect of this drug delivery strategy would be revealed in in vivo conditions, where cir-
culation and extravasation take place. Future research will focus on investigating the
efficacy of this method on in vivo models and modifying the nanoparticles to further

enhance the efficacy of the proposed treatment accordingly.

Keywords: Cancer, Photodynamic Therapy, Mesoporous Silica Nanoparticles, Rose

Bengal
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OZET

ROSE BENGAL YUKLU MEZOGOZENEKLI SILIKA
NANOPARTIKULLERININ FOTOSTABILITESI,
HUCRESEL ALIMI, FOTOKIMYASAL MEKANIZMASI VE
FOTODINAMIK ETKINLIGININ DEGERLENDIRILMESI

Kanser, diinya ¢apinda insan saglhigina yonelik énemli bir tehdit olusturan kar-
magik bir hastaliktir. Kemoterapi ve radyoterapi gibi geleneksel tedavi yontemleri her
durumda etkili olmayabilir ve ¢ok sayida yan etkiye neden olabilir. Fotodinamik terapi
(FDT), ¢evredeki saghkh dokuya verilen zarar1 en aza indirirken malin hiicreleri segici
olarak yok etmek i¢in 1s18a duyarl ajanlar ve belirli dalga boylarinda 1181 kullanir.
Ancak, 1g518a duyarli ajanlarin kanda ¢oziinmemesi veya diigiik lipofiliklik gibi 6zellik-
leri nedeniyle agragasyon veya tiimor dokusunda toplanamama gibi FDT etkinligini
diistiren sorunlara neden olabilir. Bu sorunlari ¢6zmek ve 1518a duyarh ajanlari tiimor
bolgesine verimli bir gekilde iletmek i¢in mezogozenekli silika nanopargacik (MSNs) gibi
ilac tagsiyict sistemleri kullanilir. Bu ¢alismada, 151ga duyarh bir bilesik olan rose ben-
gal, MSNs ile birlegtirildi ve A-549 akciger kanseri hiicre hatti iizerinde fotostabilite,
hiicresel alim, fotokimyasal mekanizma ve fotodinamik etkinlik acisindan test edildi.
Sonuglar, rose bengal yiiklii MSNs‘lerin, serbest rose bengal ile karsilagtirildiginda daha
fazla tekil oksijen iirettigini gosterdi. Ek olarak, mezogozenekli silika matrisine yiik-
lendiginde rose bengalin fotostabilitesinin arttig1 goriildii. Hiicre i¢ine alim agisindan
istatistiksel olarak anlamli bir farklilik gézlenmese de bu deneylerin in vitro model {iz-
erinde yapildigl ve bu stratejinin gercek etkisinin dolagimin ve ekstravazasyonun gercek-
lestigi in vivo kogullarda ortaya cikacagi unutulmamalidir. Gelecekteki aragtirmalar,
bu yontemin in vivo modeller {izerindeki etkinligini aragtirmaya ve alinacak sonuclara
gore Onerilen tedavinin etkinligini daha da artirmak i¢in nanoparcaciklarin yapisinda

degisiklik yapmaya odaklanacaktir.

Anahtar Sozciikler: Kanser, Fotodinamik Terapi, Mezogézenekli Silika Nanopar-

tikiilleri, Rose Bengal
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1. INTRODUCTION

Cancer remains a life-threatening disease. Current treatments, including chemo
therapy, radiation, and surgery, often have serious side effects that significantly impact
patients’ quality of life. The outcomes of these treatments highlight the need for
ongoing efforts to discover more effective methods with low side effects for various

types of cancer.

Lung cancer is one of the deathliest cancer type in men and woman. In 2012,
lung cancer was responsible for 1.6 million deaths globally [1]. Its insidious nature
often results in late-stage diagnoses, which diminishes the effectiveness of therapeutic
interventions [2]. Despite recent advancements, the aggressive nature of lung cancer ne-

cessitates continuous research and the development of innovative, targeted treatments.

PTD has became commonly studied cancer treatment method. PDT induces
a series of reactions that create toxicity in targeted cells, leading to their destruction.
In this process, a photosensitizing molecule (photosensitizer) is excited by light at a
specific wavelength, which leads to the production of reactive oxygen species (ROS) that
mediate cell death [3]. PDT is advantageous over other treatment approaches because
it allows for specific and targeted treatment based on light administration. Since
the photosensitizing agent becomes toxic only under light exposure, PDT minimizes
side effects and reduces damage to surrounding tissues. Additionally, PDT can be
used in a combination with other treatment methods [4]. Despite promising features,
PDT has also limitations. For example, photosensitizer molecules used in PDT often
face challenges such as poor solubility in blood and inefficient accumulation in tumor
tissue. Liposomes and nanoparticles and other drug delivery methods may provide
better stability and longer circulation time [5]. An important phenomenon that leads
to the accumulation of molecules in tumor is Enhanced-Permeability and Retention
(EPR) Effect. Due to EPR, nanoparticles of size between 1 and 100 nanometers can

accumulate in tumors [6],[7].



This study focuses on using a nanoparticle called mesoporous silica to deliver
Rose Bengal (RB) to the target site. RB is a photosensitizer that has an absorption
peak in the green region of visible light spectrum. In addition to its high 'O, pro-
duction, RB is known as its low dark toxicity [8]. Although RB has advantages, its
effectiveness is limited due to poor cellular uptake [9]. In this study, we aimed to use
Mesoporous silica nanoparticles (MSNs) as a delivery system to increase the efficacy

of RB and the final nanoparticles were tested in in vitro studies.

1.1 Motivation and objectives

Lung cancer is one of the leading types of aggressive diseases that threaten
human life. Despite efforts to prevent the disease with treatments such as chemotherapy
and radiotherapy, these methods may not be successful, particularly when the disease
is diagnosed at advanced stages. Furthermore, the side effects of the treatments have a
significant impact on both the patient’s health and psychologically. Therefore, studies

continue to develop novel treatments.

As an alternative, PDT offers a selective and minimally invasive treatment with
low side effects than chemotherapy and radiotherapy. PDT is selective because the
photosensitizer becomes toxic only when it is excited by light directed to the target
area [10],[11]. Furthermore, the utilization of nanoparticles can enhance the delivery

of photosensitizers to tumors [12].

This study aims to improve the efficacy of RB-mediated PDT by using MSNs.
Our investigation was divided into three steps to evaluate the therapeutic potential
of RB-MSNs on the A-549 lung cancer cell line: synthesis, treatment, and analysis.
In the synthesis step, MSNs were synthesized and RB molecules were incorporated
with nanoparticles. The morphology and size of the generated MSNs were investigated
using the Scanning Electron Microscope (SEM) and Dynamic Light Scattering (DLS).
A standard curve was used to calculate the amount of RB incorporated into MSNs.

In the treatment step, the toxicity of RB in the dark was assessed to determine the



highest non-toxic dose of RB-incorporated MSNs. The amount of RB in RB-MSNs
was calculated using the standard curve. PDT was then conducted using RB-MSN
nanoparticles. In the last step, The stability and cellular uptake of RB-MSNs, as well

as the photochemical mechanism of the method were analyzed.



1.2 Organization of thesis

Chapter 1, provides a comprehensive explanation of the concept of the study,
identifies motivation and specific aims of the research. Chapter 2 explains the research
within the current literature and emphasizes its significance. Chapter 3 includes thor-
ough explanations and visual aids that describe the materials and methodology utilized.
Chapter 4 reveals the results of the experiments. Chapter 5 critically examines and
interprets the results in the context of existing literature. Chapter 6 presents the out-
come of the study along with a summary of the results and offers suggestions for future

work and improvements.



2. BACKGROUND

2.1 Lung cancer: Global impact and prevention efforts

According to statistics, lung cancer is one of the most often diagnosed forms of
cancer worldwide, accounting for 11.4 of all cancer cases [13|. The research conducted
in 2020 shows us that 2.21 million new lung cancer patients were detected worldwide,
and 1.8 million people lost their lives due to this disease [14]. The incidence of lung
cancer and related mortality varies by country, based on factors such as ease of access
to health care and, most significantly, smoking rates [15]. Although smoking is the
main contributory factor of lung cancer, non-smokers may suffer from the disease due
to cigarette smoke exposure, genetic predisposition, and pollutant exposure. The two
types of lung cancer is small-cell lung cancer (SCLC) and non-small-cell lung cancer
(NSCLC), which differ in their morphological structure under a microscope and ag-
gressive activity within the body [16]. Squamous cell carcinoma evolves because of
structural damage in the lungs as an effect of smoking and is often seen in cells in the
respiratory tract. Large cell carcinoma is expressed as the rarest but most aggressive
and rapidly developing type of lung cancer among the NSCLC types [17]. Although
the incidence of SLCL is lower compared to instances of NSCLC, it is quite dangerous
due to its rapid growth and tendency to metastasize even in the early stages. The
majority of SCLC cases are directly linked to smoking [18]. All these forms of lung
cancer pose serious risks to the lives of individuals and continue to be a major burden
on the worldas medical systems. With ongoing research into cancer treatment from
the past to the present, new treatment methods and breakthroughs have substantially
improved disease prevention, particularly in early detection. Historically, medical pro-
fessionals used surgical removal to treat cancer. However, the increased risk of cancer
recurrence with this treatment has motivated experts to investigate alternative pre-
ventative therapies. As time passed, near the end of the twentieth century, surgical
operations were supported by newly found chemotherapy treatments. Their effective-

ness was considerably boosted over time by new medications [19]. Nowadays, research



is being conducted to lessen the negative effects of existing therapeutics, improve the
effectiveness of combined treatments, and take efficiency to the next level by utilizing

nanoparticles.

2.2 Photodynamic therapy: Innovations in cancer treatment

Considering its benefits including minimal invasiveness, targeted action, and
reduced side effects, PDT is gaining attention for cancer treatment. In PDT process
illustrated in Figure 2.1, light-sensitive chemicals accumulate in the cancerous area and
become toxic through a series of reactions when exposed to light [20],[21]. The pho-
tosensitive chemical, which becomes toxic when light is applied to the target location,
enables for more localized treatment while minimizing damage to surrounding healthy
tissue [22]. PDT can be repeatedly applied and used in combination with other treat-
ment techniques [23],[24]. Furthermore, it helps to maintain the patients’ high standard
of living during the period of treatment as the duration of the treatment is typically
short [25]. PDT creates diverse reactions based on the type of photosensitive chemical
used, and the level of toxicity varies depending on the type of oxygen produced. Two
types of reactions occur: type 1-type 2 reactions. In type 1 reactions, PS is excited to a
singlet excited state. PS molecules returning to the ground state transmit their energy
to nearby molecules, leading to electron transfer and producing radicals [26],[27]. In
type 2 reactions, the PS molecules that return to the ground state transfers energy to

oxygen molecules to excite them to singlet state, which is toxic for cells [28].
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Figure 2.1 (a) Mechanism of PDT, showing activation of the PS by light and ROS generation. (b)
Photochemical reactions during PDT including Type I (radicals and ions) and Type IT 'O, processes.

2.3 Nanoparticle-based drug delivery for cancer treatment

In recent decades, it is becoming increasingly prevalent to use delivery methods
based on nanoparticles to bring drugs to the desired location [29]. The widespread
use of nanoparticle-based delivery systems provides significant benefits in terms of
increasing therapeutic efficacy and, in many cases, minimizing patient discomfort due
to side effects [30]. The combined use of the drugs with the appropriate nanoparticle can
ensure targeting to the tumor site, reducing leakage onto healthy cells and increasing
the concentration of drug accumulated in the cancer area [31],[32|. Furthermore, carrier
nanostructures prevent drugs from being rapidly eliminated by the body’s circulatory

system and can help preserve their structural integrity [33].



Among the nanoparticles used for drug delivery systems, liposomes, found by
Alec D. Bangham, are the most widespread. They enable the encapsulation of both hy-
drophilic and hydrophobic medicines, reducing leakage and side effects while allowing
for regulated drug release [34|. Polymeric nanoparticles, discovered at the end of the
twentieth century and used extensively since that time, give hope for cancer treatments
by enhancing the drug’s solubility and stability while also making it more functional
in terms of targeting ability [35]. Donald Tomalia created dendrimers, which resemble
a branched tree, in the late 1970s. Because of their highly modifiable structure, den-
drimers have yielded very beneficial results in drug administration, including high drug
storage and imaging [36]. In addition to these nanoparticles, micelles discovered in the
early twentieth century have shown remarkable results in the dissolution of hydropho-
bic drugs due to their amphiphilic structure, and inorganic nanoparticles have shown
impressive outcomes in cancer treatment through photothermal procedures, imaging,
and magnetic investigation [37],[38]. Aside from these examples, many other poly-
meric nanoparticles have been found in recent years, like carbon-based nanoparticles,

quantum dots, and silica nanoparticles for drug delivery [39].

2.3.1 Mesoporous silica nanoparticles

Mesoporous silica nanoparticles (MSN) are easy to synthesize and advantageous
for drug loading due to their high surface area and biocompatibility [40]. Additionally,
these nanoparticles are optically transparent, which is ideal for light-based applica-
tions. Furthermore, it has been shown that incorporation with MSN may increase
the 'O, quantum yield of PSs [41],[42]. There are studies in the literature that con-
sidered MSN as a delivery vehicle for RB. In a theoretical study by Estevao et al.
demonstrated that RB-incorporated MSNs can increase 'O, production efficiency by
preventing aggregation [43]. According to another study of the same research group,
the optimized nanoconjugate, 4% RB-incorporated MSNs reduced cell proliferation of
melanoma cells (SK-MEL-28) [44]|. Additionally, the authors showed that MSNs pro-
vide protection against photodegradation by creating a shielding effect for RB. Zhan et
al. functionalized pH-responsive MSNs with Fe304 and utilized them for RB delivery



[45]. The analyses on the cellular uptake, drug release and concentration-dependent
apoptosis rates on B16 mouse melanoma cells showed that the treatment with the devel-
oped nanoconjugates provided higher rates of apoptosis on B16 cells compared to free
RB with minimal dark toxicity. Despite these and other efforts, to the authors knowl-
edge, there is no comprehensive study in the literature that evaluates RB-incorporated
MSNs (RB-MSNs) in terms of photostability, cellular uptake, photochemical mecha-
nism, and PDT efficacy. Our research aims to fill this gap by investigating the efficiency
of RB-incorporated MSNs as a PDT agent on the A-549 lung cancer cell line.
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3. MATERIALS and METHODS

3.1 Synthesis of nanoparticles

Ammonium-hydroxide (NH,OH), cetyltrimethylammonium-bromide (CTAB),
hydrochloric-acid (HCI), tetraethyl-orthosilicate (TEOS), (3-Aminopropyl) triethoxysi-
lane (APTES), RB and ethanol were obtained from Sigma-Aldrich.

The synthesis of RB incorporated MSNs nanoparticles stated in the study begins
with the synthesis of MSNs nanoparticles. Afterwards, (3-Aminopropyl) triethoxysilane
(APTES) modification was conducted to improve the loading rate of RB nanoparticles
into the MSNs pores. Finally, powdered RB is mixed with MSNs using a magnetic
stirrer to integrate RB with MSNs (Figure 3.1).

(a) (b) (c)

Figure 3.1 (a) MSN (b) MSN functionalization with APTES (c) RB-MSN.
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Table 3.1
Chemicals utilized for MSNs preparation.

Chemical Substances || Quantity Utilized Molecular Weight (g/mol)
NH,OH 1.057 mL 71.09

CTAB 0.058 g 364.62

TEOS 118 uL 208.37

HCL 20 uL. 36.46

APTES 12 pL 145.33

RB 3 mg 1019.62

3.1.1 Synthesis of mesoporous silica

MSNs were synthesized as described previously [46]. Briefly, 7.5 mL of distilled
water and 1.057 mL of NH,OH were mixed using a magnetic stirrer. The mixture was
then completed to 30 mL by adding 21.44 mL of distilled water, and mixed again at 500
rpm and 40°C. Subsequently, 0.058 g CTAB was added into the mixture and allowed
to dissolve. 118 nLL TEOS and 482 pL ethanol were gradually added to the mixture,
the temperature was raised to 60°C, and the mixture was stirred for two hours in order
to precipitate the nanoparticles. After 2 hours, the nanoparticle solution was washed
three times with ethanol using a centrifuge and a sonicator. For the washing process,
the synthesized mesoporous silica nanoparticles were transferred to centrifuge tubes
and centrifuged at 14800 rpm for 15 minutes. After centrifugation, the supernatant
was carefully discarded and fresh ethanol was added to the vials. The mixture was then
sonicated to ensure a homogeneous suspension. This washing step was repeated two
more times to completely remove any remaining surfactant and unreacted materials.
The precipitated nanoparticles were dissolved in 20 mL ethanol, and 20 nL. HCL was
added. The mixture was then stirred at 500 rpm and 60°C for 3 hours. Finally, the

MSNs were washed three times with ethanol.
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(a) (b)

Figure 3.2 MSNs (a) before (b) after washing steps.

3.1.2 Amino-functionalization of mesoporous silica using APTES

APTES is a chemical widely utilized in biology and chemistry, particularly for
the surface modification and functionalization of silica-based nanoparticles like MSNs
[47]. When APTES is added to the MSN solution, it forms a covalent bond with the
(-Si-OH) silanol groups on the silica surface, resulting in amino groups covering the
MSNs surface. This surface modification method improves the nanoparticles stability,
as well as prevents aggregation of incorporated molecules in MSN pores, ensuring
uniform dispersion [48]. In our study, MSNs were dissolved in 15 mL of ethanol, and
12 pLh of APTES was slowly added on MSNs. The mixture was stirred in the magnetic
stirrer at 500 rpm at room temperature for 24 hours. The mixture was then washed

three times with ethanol.
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3.1.3 Incorporation of RB into MSNs

APTES-functionalized MSNs were dissolved in 15 mL of ethanol and mixed with
3 mg of RB. The mixture was stirred at 500 rpm and room temperature for 24 hours.
The synthesized nanoparticles were then washed three times with ethanol, dissolved in

distilled water, and kept in the freezer for use in future experiments.

(a) (b)

Figure 3.3 RB incorporated MSNs (a) before (b) after washing steps.
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3.2 Characterization of nanoparticles

A standard curve was generated using the absorbance values of 20-200 pg/mL
RB at 570 nm using the UV-VIS spectrophotometer to determine the RB amount in
synthesized RB-MSNs. The absorption-spectra of the nanoparticles were obtained us-
ing a Nanodrop 2000c UV-VIS spectrophotometer. A Scanning Electron Microscope
(SEM) was utilized to determine the morphology of synthesized nanoparticles. Before
imaging the nanoparticles, approximately 15 mg of MSNs were dissolved in 1.5 mL
ethanol and a homogeneous distribution was obtained using a sonicator. Subsequently,
a drop of dissolved MSN was placed on the SEM templates, and images were taken.
Dynamic light scattering (DLS) technique was used to determine the size distribution,
which relies on examining the light intensities caused by the movement and collision
of molecules, known as Brownian motion [49]. Before DLS analysis, the synthesized
MSNs were kept in a 60°C oven for 24 hours and the number of synthesized MSNs
was quantified using a precision weighing instrument. Approximately 15 mg of syn-
thesized MSNs were dissolved with 1.5 mL ethanol, and the content was sonicated for

homogenization and to prevent aggregation before DLS analysis.
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3.3 Cell culturing and dark toxicity experiments

The A-549 lung cancer cells were cultured in conditions recommended by the
manufacturer. Adherent cells were cultured using DMEM medium supplemented with
10% FBS and 1% penicillin/streptomycin solution. The cells were maintained at 37°C
and 5% CO;. The medium was refreshed regularly until the until the A-549 cell line
achieved 80% - 90% confluency and detached from the flasks using Trypsin-EDTA for

seeding or passaging.

3 & -2(1(1 um i
)

Figure 3.4 Representative images of A-549 lung cancer cells around 70% confluency under a bright-
field microscope with 10x magnification. Scale bar: 200 pm
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3.3.1 Cell plating in different experiments

Toxicity experiments were performed by seeding cells (1 x 10%) into 96-well
plates. In dark toxicity experiments, a total of 60 wells were seeded for a control and
9 different application groups. Each group consists of 6 technical replicates, as seen
in Figure 3.5(a). For PDT experiments, a total of 24 wells were seeded for 6 different
groups, including a no-treatment control. Each group consists of 4 technical replicates
as seen in Figure 3.5(b). To investigate the role of 1O, in cellular toxicity, firstly, the
toxicity of two control groups and two different concentrations of sodium azide on the
cells were examined, as seen in Figure 3.6(a). The non-toxic value found subsequently
was compared with the most effective PDT parameters, as seen in Figure 3.6(b). For
the uptake experiment, 1.5 x 10° cells were seeded as shown in Figure 3.7. The seeded

cells were incubated for 1 day at 5% CO5 and 37°C for 24 hours.

L O00000000000 AOOOOOOOOOO0O0
8000000000000 B QOO0
cQOO0O00O0000O000 cOOOOOOO0OOOO0
D OOO0000O000O0O0) D QOOOOOOOOOO0
EQO0000000000) [ 000000000000
FOOO000000000) FOOOOOOO0OOO00
600000000000 6 QOO0
HOOOOOOOOOOOO HOOOOOOOOOO0O
(a) (b)

Figure 3.5 Illustration of the 96-well plate seeding layout for (a) dark toxicity (b) PDT experiments.
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Figure 3.6 Illustration of the seeding layout for sodium azide experiments (a) toxicity evaluation of
sodium azide (b) evaluation the role of 1Oy in cellular toxicity.

— 1. repeat
2. repeat

85.86

128.06

Figure 3.7 Illustration of the 6-well plate seeding layout for uptake experiments.
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3.4 Configuration of laser equipment

RB has an absorption peak between 520 to 550 nm. For the light-based studies,
we used a 530 nm LED light source (Thorlabs M530L4), as shown in the Figure 3.8.
Prior to light application, each experiment’s power density was set to 100 mW /cm?.
In PDT studies, different energy values were studied through changing the laser appli-
cation time (1-min, 5-min, 10-min, 20-min). In the evaluation of 'Oy capacity using
sodium azide and quantification of 'O, production experiments were carried out by

keeping the power density at 100 mW /cm?.

Figure 3.8 Experimentation setup for PDT. A light source with a wavelength of 530 nm used
throughout the studies.
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3.5 Dark toxicity experiments

Cells were seeded in incubated for 24 hours before being incubated with 5, 10, 25,
50, 100, 250, 500, 750, and 1000 pg/mL of RB-MSNs. After 2 hours of incubation, the
RB-MSN-containing medium was refreshed. Plates were incubated for an additional

24 hours and MTT analysis performed.

Nanoparticle
treatment

24 hour 2 hour 24 hour

Cell seeding PBS washing MTT

Figure 3.9 Experimental plan for dark-toxicity experiments.

3.5.1 Comparison of the dark toxicities of selected RB-MSNs concentra-

tions with the dark toxicities of RB at the same concentration

Comparing RB-MSNs and RB at the same concentration is important to eval-

uate the toxicity of MSNs utilized as carriers.

After deciding on the concentration value to be used as a result of the dark
toxicity experiments, the standard curve was first used to find the RB contained in
RB-MSNs. The decided 750 png/mL was added into 6 wells of the 96-well plate and the
absorbtion value at 570 nm was measured. The absorbance value found corresponded

to 49.25 pg/mL for RB.

Using the standard curve as a guide, control, RB-MSNs (750 pg/mL), and free
RB (49.25 pg/mL) were added sequentially to the wells before incubating 2 hours.
Plates were analyzed after MTT assay the following day.
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Nanoparticle
treatment

24 hour 2 hour 24 hour

Cell seeding PBS washing MTT

Figure 3.10 Experimental plan for comparing dark toxicities of RB-MSN and RB concentrations.

3.5.2 PDT experiments

For PDT experiments, cells were seeded into wells of 96-well plates. After 1 day
incubation, RB-MSN solution at a concentration was applied. RB-MSNs were removed
from the wells after 2-hours of incubation. Wells were washed before irradiation. A 530
nm LED light source (Thorlabs M530L4) was set to 100 mW /cm? to irradiate groups
(except no light controls) for 1, 5, 10 and 20 minutes. After 24 hours of incubation,

the MTT assay was applied.

Table 3.2
PDT parameters: irradiation periods, power density and corresponding energy doses.

Irradiation Period (minutes) || Power Density (mW /cm?) Energy Dose (J/cm?)
1 100 6
5 100 30
10 100 60
20 100 120
Cell seeding N;Z:?;T:tle PBS washing  Laser application MTT
¢ 24 hour i 2 hour d ® 24 hour o

Figure 3.11 Experimental plan for PDT experiments.
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3.5.3 Cellular uptake experiments

This experiment was conducted as described previously [50|. Briefly, the cells
(1.5 x 10°) were incubated for 24 hours. Concentrations of free RB and RB-MSNs were
added to the wells at previously determined concentrations and incubated for 2 hours.
After 2 hours of incubation, cells were detached from the surface using trypsin-EDTA.
Cells were placed in 15 mL falcon tubes and counted. Subsequently, cells were cen-
trifuged at 1000 rpm for 5 minutes and then gently washed with PBS. Each falcon tube
was filled with 500 pL of a 90% acetone to extract RB from cells. Finally, the super-
natants were transferred to a 96-well plate, and the absorption values were determined
using an absorbance plate reader at 570 nm. The determined absorption values were

compared with a previously sketched standard curve with the linear equation:

y = 0.0036x + 0.0962, R*=0.9979 (3.1)

where x = supernatant average absorbance and y = supernatant molarity

The Eq. 3.2 is used to find RB contained in 1 pL of supernatant.

Mrb
106

q=y (3.2)

where ¢ = RB quantity in 1 pL of supernatant and M, = molar weight of RB

Since the volume of the solution was 500 pL for each tube, the result was mul-
tiplied by 500. Finally, the amount of RB absorbed by a single cell was calculated by
dividing the results for tubes by the corresponding number of cells. Two independent

repeats were conducted.
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Nanoparticl Rose Bengal .
Cell seeding tr:(;"c)me::te Extraction with Quantification of
Acetone Uptake
24 hour 2 hour

Figure 3.12 Experimental plan for cellular uptake experiments.

(@) (b)

Figure 3.13 Falcon tubes (a) before and (b) after RB extraction.

3.5.4 Assessing the role of 'O, in cellular toxicity

Sodium azide is a 'O, quencher; therefore, it can be used to evaluate the dom-

inant mechanism in PDT applications. In this analysis, inhibition of cell death when

sodium azide presents in the medium would show that the cytotoxicity is mainly due

to 'O, produced by Type II reactions during PDT [51],[52].

Addition of Sodium
Azide Solution

24 hour 2 hour 24 hour

Cell seeding PBS Washing MTT

Figure 3.14 Experimental plan for toxicity evaluation experiments of sodium azide.
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The reaction between sodium azide (NaN3) and singlet oxygen 1O, is as follows:

NaN3 + 102 - N37 + 02

First, a preliminary experiment was conducted to show that the sodium azide
concentration that we use does not cause any toxicity on the A-549 cells. Briefly,
cells were incubated with sodium azide (50 mM) for 2 hours and an MTT assay was

performed. The cells were then plated and treated as follows:

- No treatment

- RB-MSNs and light (530 nm, 20 minutes, 100 mW /cm?)

- RB-MSNs and light + sodium azide (530 nm, 20 minutes, 100 mW /cm?).

Addition of

Solutions PBS Washing MTT

Cell seeding

24 hour 2 hour 24 hour

Figure 3.15 Experimental plan to evaluate the role of 'O, in cellular toxicity.

3.5.5 Quantification of ROS production using DPBF assay

RB and RB-MSNs were compared in terms of 1O, production using DPBF assay
[53]. In this method, the PDT agents are incubated with DPBF and irradiated with
light that can excite the PDT agents. The produced 'Oy molecules during irradiation
rapidly interact with DPBF, which causes a reduce in the absorbance peak of DPBF
at 420 nm. Therefore, this decrease can be correlated with the 'Oy production of
the PDT agents. In our study, RB and RB-MSN concentrations that were previously
determined by the dark toxicity experiments were separately incubated with 10 mM
DPBF. The absorbance values following 0, 1, 5, 10 and 20 minutes of irradiation (530
nm, 100 mW /cm?) were determined using the UV-Visible spectrophotometer at 420

nm. Two independent repeats were conducted.
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3.5.6 Analysis of photodynamic stability

To compare the photostabilitiy of free RB and RB-MSNs, their previously deter-
mined concentrations were prepared in falcon tubes and kept at ambient temperature
and light for 14 days. The absorption peaks of free RB and RB-MSNs at 550 nm were

obtained and compared at 0, 3, 7, and 14 days.

3.5.7 Statistical analysis

The data was compared using student t-test (if two groups are compared) or
ANOVA (if more than two groups are compared), after showing that the groups show
a normal distribution. Tukey’s multiple comparison test was performed to statistically
compare the individual groups with each other. The significance level will be taken as
5% (p<0.05) and marked using a (*) symbol in the graphs. For all experiments, three

independent repeats were conducted if otherwise specified.
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4. RESULTS

4.1 Characterization of nanoparticles

The hydrodynamic diameters of MSNs were calculated as 60-70 nm (Figure 4.1).
As shown in Figure 4.2, the synthesized MSNs reveal a uniform spherical morphology,
and their sizes are similar to the results obtained from DLS. The results show that

uniform MSNs could be successfully synthesized.

Size Distribution by Number
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—_
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]
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1] 20 40 60 80 100 120 140 160
Size (d.nm)

Figure 4.1 DLS measurements of MSNs.
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Figure 4.2 SEM images depicting the morphology and surface attributes of MSNs. Scale bars: 1 pm,
1 pm, and 400 nm for top, middle, and bottom images, respectively.
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4.2 Dark toxicity experiments

As shown in Figure 4.3, RB-MSN was significantly toxic at 1000 pg/mL on A-
549 cells. Therefore, the highest non-toxic concentration of RB-MSN, 750 pg/mL, was

selected to be used in the following studies.

150

B LI e ] ™

Survival Fraction (%)

50

1 1 1 1
Control 5 10 25 50 100 250 500 750 1000

Concentrations (ug/mL)

Figure 4.3 Survival fraction of A-549 cells with increasing RB-MSN concentration. Data of each
group were normalized with respect the corresponding no treatment controls. Statistically significant
group was labeled by “ * 7 (p < 0.05).

4.3 Determination of RB content in RB-MSNs and calculation

of encapsulation efficiency

The standard curve shown in Figure 4.4 was used to determine the RB amount
in synthesized RB-MSNs. According to the linear equation derived from this curve
(Figure 4.4), RB concentration in 750 pg/mL was calculated as 49.25 pg/mL. The
comparison of the absorption spectra of these concentrations of free RB and RB-MSNs

is shown in Figure 4.5. Similar absorption values confirm that the RB content of 750
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ng/mL of RB-MSN is around 49.25 pg/mL.

Standard Curve for RB
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Figure 4.4 The standard curve for RB.
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Figure 4.5 Absorbance spectrum of RB (49.25 ng/mL) and RB-MSN (750 ng /mL).
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The encapsulation efficiency (EE) of RB within MSNs was determined using
MPR and a calibration curve established for Rose Bengal. Based on the absorbance

reading and the calibration curve:

Crp—msn = 49.25 pg/mL = 0.04925 mg/mL

where C'rp_prsn represents the concentration of Rose Bengal in the RB-MSN.

The mass of encapsulated Rose Bengal (Mepcapsuiatea) can be calculated as fol-

lows:

Mencapsulated - CRB—MSN X ‘/absorbance (41)

Mencapsulated - 004925 mg/mL X 6 mL

Mencapsulated = 0.2955 mg

The EE is determined by the ratio of the mass of encapsulated Rose Bengal to

the total amount of Rose Bengal added:

Menca SUtate
EE (%) = (#) x 100 (4.2)

Substituting the given values:

EE (%) = (%) % 100

3mg

EE (%) = 9.85%
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4.4 Comparison of the dark toxicities of free RB and MSN-
incorporated RB

As shown in Figure 4.6, RB (49.25 pg/mL) and RB-MSNs (750 pg/mL) did not
show a significantly different toxicity to the survival fraction of A-549 cells compared

to the no treatment control in the dark environment.
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Figure 4.6 Survival fraction of A-549 cells incubated with RB (49.25 png) and RB-MSNs (750 pg/mL).

Data of each group were normalized with respect the corresponding no treatment controls. (ns: not
significant).
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4.5 PDT experiments

The results of the PDT experiment have shown that the application of light in
the presence of RB-MSN caused a significant decrease in normalized survival of A-549
cells compared to the no treatment control groups (Figure 4.7). The highest reduction
in cell survival, 72%, was achieved with 20 minutes of irradiation, although the groups

that received light (PDT groups) did not show any significant difference.
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Figure 4.7 Survival fraction of A-549 cells incubated with RB-MSN and irradiated with given energy
densities. Data of each group were normalized with respect to corresponding no treatment controls.
Significant differences were labeled by “ * 7 (p < 0.05).
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4.6 Assessment of the primary mechanism of action of PDT

The results of the experiment show that 50 mM sodium azide does not cause
any toxicity in cells (Figure 4.8). As shown in Figure 4.9, the results of the subsequent
experiment showed that RB-MSNs-mediated PDT decreased the survival fraction by
approximately 62% in the absence of sodium azide, whereas the same treatment could
decrease the survival fraction by 13% in the presence of sodium azide. This shows that
quenching 'O, using sodium azide significantly decreases the RB-MSNs-mediated PDT
efficacy.
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Figure 4.8 Assessment of dark toxicity with 50 mM sodium azide concentration in adherent A-549
cells using the MTT assay. (ns: not significant).
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Figure 4.9 Survival fraction of A-549 cells after PDT when sodium azide absent or present in the
medium. Data of each group were normalized with respect to corresponding no treatment controls.
Significant groups are labeled by “ * ” (p < 0.05).
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4.7 Singlet oxygen production for free and MSN-incorporated

RB

DPBF assay was used to compare the 'O, production efficacy of free and MSN-

incorporated RB. As shown in Figure 4.10 the 'O, production of MSN-incorporated

RB was higher than free RB, which is consistent with the literature [41],[42].
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Figure 4.10 The change in absorption peak of DPBF after irradiation in the presence of RB

(black/round) and RB-MSN (red/square).
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4.8 Cellular uptake comparision of free and MSN-incorporated

RB
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Figure 4.11 Comparison of cellular uptake of free RB and RB-MSN. ns: Not significant.

The graph shown in Figure 4.11 reveals that the cellular uptake of RB-MSNs
was slightly less than free RB, although the difference was not statistically signifi-
cantly different. This result suggests that the incorporation of RB molecules into MSN
negatively affected their uptake by A-549 cells.

4.9 Comparison of the photostability of free and MSN incor-
porated RB

The curve shown in Figure 4.12(a) reveals that the absorbance of RB at 550
nm decreased continuously starting from the beginning of the experiment. The graph
shown in Figure 4.12(c) of the same figure shows that this decrease is statistically

significant between the 1st and 14th days of the experiment. On the other hand, the
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absorbance of RB-incorporated MSNs at 550 nm did not significantly change (Figure
4.12(b).
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Figure 4.12 Photostability analysis results. a) Change in free RB absorbance at 550 nm. b) Change
in RB-MSN absorbance at 550 nm. ¢) Comparison and statistical analysis of change in absorbance of
RB (black/round) and RB-MSN (red/square) between Day 1 and Day 14. ns: Not significant.
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5. DISCUSSIONS

The primary aim of this study was to evaluate the PDT efficacy of MSN-
incorporated RB on an in vitro lung cancer model. High quantum yield of RB makes it
an ideal candidate for generating 'O, in PDT. However, the 550 nm absorbance peak
limits tissue penetration, consequently it is utilized primarily in superficial tumors
like as breast, prostate, and ovarian cancer [54], [55]. However, advances in special-
ized light distribution systems and drug delivery approaches have renewed interest in
RB for the treatment of deeper tumors [56]. Our work investigates the efficacy of RB-
incorporated MSNs for lung cancer treatment, focusing on A-549 cells through toxicity,

stability, oxygen generation, and cellular uptake assessments.

To characterize the nanoparticles, absorbance spectra of RB and RB-MSNs
were measured. The maximum absorption value for both was at 550 nm, indicating
effective encapsulation despite a slight decrease in RB-MSNs (Figure 4.5). Based on
DLS results of mesoporous silica nanoparticles, the intensity plot peaks around 338
nm. A PDI of 0.238 confirms a fairly narrow size range, indicating uniformity among
the nanoparticles (Figure 4.1). Under similar synthesis conditions, the sizes of MSNs
were similar to the study by Catalano et al. [57] . SEM results revealed consistently

spherical MSNs (Figure 4.2).

Dark toxicity studies of RB-MSNs at various concentrations showed no cytotoxic
effect on A-549 cells up to 1000 pg/mL (Figure 4.3). The survival fraction decreased to
34% at this concentration. For PDT experiments, 750 pg/mL was selected to prevent
side effects. Using the standard curve described in Section 4.3, the amount of RB in
RB-MSNs was found to be 49.25 pg/mL. As shown in Figure 4.6, both RB and RB-
MSNs exhibited no dark toxicity, with minimal reductions in cell survival (1.61% and
1.84%, respectively). PDT experiments demonstrated a significant reduction in survival
fraction, validating the photodynamic efficacy of RB-MSNs (Figure 4.7). When cells
treated with RB-MSNs (750 pg/mL) were exposed to various energy densities (6, 30,
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60, and 120 (J/cm?)), significant decrease in survival fraction was observed. Consistent
with our results, in the study conducted by Yana et al., RB and RB-MSNs did not
show dark toxicity at concentrations similar to our study. When exposed to light, the

survival rate of MCF-7 cells decreased significantly [58].

Sodium azide is a chemical that acts as a 'Oy quencher. In the investigation
the role of 'Oy in cellular toxicity, Sodium Azide / RB-MSN and RB-MSN groups
were compared after exposure to light. Figure 4.9 showed that the survival fraction
of cells treated with RB-MSNs was significantly reduced compared to cells treated
with Sodium azide / RB-MSNs. The results showed that the main mechanism of
action of RB-mediated PDT remains dependent on 'O, production even after MSN
was incorporated. However, there was a small decrease in the survival rate of cells
treated with RB-MSNs in the presence of sodium azide. This result showed that the
type 1 reaction also contributed to reduced survival rate, although not as much as the
type 2 reaction. Additionally, 'Oy production efficacy was evaluated using the DPBF
assay. The results showed that RB-MSNs produced more 'O, than free RB (Figure
4.10). Paramananthama et al. evaluated the ROS-producing capacity of RB, MSNs
and RB-MSNs. Consistent with our result, the authors showed that RB-MSNs have a
higher ROS production capacity than RB and MSNs [59].

Cellular uptake comparision of free RB and RB-MSN is shown in Figure 4.11.
The results revealed there was not significant difference in cellular uptake between
RB and RB-MSN by A-549 cells. According to similar studies, we hypothesized that
incorporation of hydrophilic RB into MSN would result in an increase in cellular uptake
but the results did not show such an effect. In the study conducted by Zhan et al., RB
incorporated magnetic-MSNs showed higher cellular uptake by B-16 cells compared
to free RB [45]. However, it should be kept in mind that these experiments were
conducted on an in vitro model and the real effect of this drug delivery strategy would

be revealed in in vivo conditions where circulation and extravasation take place.
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There are studies in the literature showing that the incorporation of MSNs in-
crease the photostability of PS [44],[48]. In our study, the stability of RB increased
significantly when incorporated into MSNs (Figure 4.12). We believe that functional-
ization of MSNs with APTES improves the RB loading rate and increases nanoparticle
stability. This surface modification method also prevented the aggregation of incorpo-
rated molecules within MSN pores, ensuring uniform dispersion. These modifications
create a protective environment for RB, stabilizing its molecular structure and improv-

ing overall treatment efficacy.

Despite these promising findings, our study was conducted on the monolayer
culture of one cancer cell line therefore, additional studies are necessary to reveal the
effectiveness of RB-MSN as a PDT agent. Future research will focus on investigating
the efficacy of this method on in wvivo models and modifying the nanoparticles to
further enhance the efficacy of the proposed treatment accordingly. Combining this
method with traditional treatment approaches can also be explored to improve overall

therapeutic outcomes.

To sum up, this study aimed to perform a comprehensive investigation of suc-
cessfully synthesized RB-MSN nanoparticles in terms of photostability, cellular uptake,
photochemical mechanism and PDT efficacy. The results revealed that the incorpora-

tion of RB with MSN enhanced its properties as a PDT agent.
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6. CONCLUSIONS

In conclusion, our findings underline the potential of drug delivery system-based
treatments to enhance cancer therapy effectiveness. This study evaluate the PDT ef-
ficacy of MSN incorporated RB on an in vitro lung cancer model. Results show that
incorporating Rose Bengal into mesoporous silica increased its efficacy as a photody-

namic therapy agent, overcoming the dye’s limitations as a photosensitizer.

The incorporation of MSNs increased the 'O, production capacity of RB, proba-
bly due to the reduced degradation and increased local concentrations of RB molecules
in MSN. Additionally, Rose Bengal’s photostability was enhanced when incorporated
into MSNs, although cellular uptake did not show a significant difference.

This study serves as a guide for MSN based drug delivery in PDT studies.
Future research will investigate the effectiveness of this method on in vivo models and
modify nanoparticle characteristics to increase the success of the proposed treatment.
Combining this technique with conventional therapy approaches may also improve

overall therapeutic outcomes.
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