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Enhanced Anti-Cancer Photodynamic Action with 

Photobiomodulation Therapy at Different Wavelengths 

 

Abstract 

Photodynamic therapy (PDT) is a non-invasive therapy that induces photochemical 

reactions for treating many diseases including cancer using the advantages of light. It 

is based on the interaction of light at a specific wavelength and light-sensitive chemical 

which does not have dark toxicity. Thus, PDT is an anticancer therapeutic modality 

yielding cancer cell death. As with other anticancer therapies, some drawbacks reduce 

or limit the efficacy of PDT. To eliminate the disadvantages resulting in increased 

efficacy of PDT, it is combined with other anticancer treatment methods. Together use 

of PDT with another light therapy that is not used for anticancer purposes normally 

called photobiomodulation (PBM) or low-level laser/light therapy (LLLT) is 

becoming popular. The application of PBM to cancer cells has been controversial due 

to its unwanted and negative effects on them such as increased cell proliferation and 

metastasis capacities. Nowadays, it has been shown that the application strategy of 

PBM to the cancer cells before the anticancer treatment has a positive impact on cancer 

cell death. But this result is highly influenced by cell type, energy densities, and 

wavelengths of light. In this study, the efficacy of PDT was tried to be increased on 

PC3 human prostate cancer by pre-treating cells with PBM therapy with 655 and 808-

nm wavelengths at 1, 3, and 5 J/cm2 energy densities. PDT was conducted on the cells 

after incubation of indocyanine green (ICG) at 25, 50, and 100 µM and Chlorin (Ce6) 

at 2.5, 5, 10, and 25 µM concentrations. As a result, increased cell deaths were 
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observed especially with the PBM application at 808-nm wavelength followed by Ce6-

mediated PDT at 50 J/cm2 energy density with maximum additional 63.44% cell death 

compared to only PDT while increased cell deaths were not observed with PBM 

application at 655-nm wavelength followed by ICG-mediated PDT at 100 J/cm2 

energy density. In addition to the cell viability, the cellular uptake of ICG and Ce6 and 

amount of ATP produced after PBM with both wavelengths; live and death analysis 

via staining after Ce6-mediated PDT; the amount of nitric oxide released, reactive 

oxygen species produced, change in mitochondrial membrane potential after the PBM 

with both wavelengths and Ce6-mediated PDT were examined. Thus, it can be 

accomplished by PBM application at specific wavelength and energy density is a 

promising way to enhance cell death obtained from photodynamic action. 

 

Keywords: Prostate cancer, Photodynamic therapy, Photobiomodulation, Chlorin e6, 

Indocyanine green, 808-nm diode laser, 655-nm diode laser 
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Farklı Dalga Boylarında Fotobiyomodülasyon 

Uygulaması ile Anti-Kanser Fotodinamik Aktivitenin 

Arttırılması  

 

Öz 

Fotodinamik terapi (FDT), ışığın avantajlarını kullanarak kanser dahil birçok hastalığı 

tedavi etmek için fotokimyasal reaksiyonları indükleyen invazif olmayan bir terapidir. 

Belirli bir dalga boyundaki ışığın ve karanlık toksisitesi olmayan ışığa duyarlı 

kimyasalın etkileşimine dayanır. Bu nedenle FDT, kanser hücre ölümü sağlayan bir 

antikanser terapötik modalitedir. Diğer antikanser tedavilerinde olduğu gibi, FDT’nin 

etkinliğini azaltan veya sınırlayan bazı dezavantajlar vardır. FDT'nin dezavantajları 

ortadan kaldırarak etkinliğinin artması için diğer antikanser tedavi yöntemleri ile 

birleştirilir. FDT'nin fotobiyomodülasyon (FBM) veya düşük seviyeli lazer/ışık 

tedavisi (LLLT) olarak adlandırılan normalde antikanser amaçlar için kullanılmayan 

başka bir ışık tedavisi ile birlikte kullanımı popüler hale gelmektedir. FBM'nin kanser 

hücrelerine uygulanması, artan hücre proliferasyonu ve metastaz kapasiteleri gibi 

istenmeyen ve olumsuz etkiler oluşturma potensiyellerinden dolayı tartışmalı 

olmuştur. Günümüzde antikanser tedavi öncesi kanser hücrelerine FBM uygulama 

stratejisinin kanser hücresi ölümü üzerinde olumlu bir etkiye sahip olduğu 

gösterilmiştir. Ancak bu sonuç, hücre tipi, enerji yoğunlukları ve ışığın dalga 

boylarından oldukça etkilenir. Bu çalışmada, PC3 insan prostat kanseri hücreleri 1, 3 

ve 5 J/cm2 enerji yoğunluklarında 655 ve 808-nm dalga boylarındaki FBM tedavisi ile 
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ön işleme tabi tutularak FDT'nin etkinliği artırılmaya çalışılmıştır. FDT, indosiyanin 

yeşili (İSY)'nin 25, 50 ve 100 µM'de ve Klorin (Ke6)'nın 2.5, 5, 10 ve 25 µM 

konsantrasyonlarda inkübasyonundan sonra hücreler üzerinde gerçekleştirmiştir. 

Sonuç olarak, özellikle 808-nm dalga boyunda FBM uygulaması ve ardından 50 J/cm2 

enerji yoğunluğunda Ke6 aracılı FDT uygulaması ile sadece FDT'ye kıyasla 

maksimum ek %63,44 hücre ölümleri gözlenlenirken 655-nm dalga boyunda FBM 

uygulaması ve ardından 100 J/cm2 enerji yoğunluğunda İSY aracılı FDT uygulaması 

ile artan hücre ölümleri gözlemlenmemiştir. Hücre canlılığına ek olarak, her iki dalga 

boylarındaki FBM sonrası İSY ve Ke6'nın hücresel alımı ve üretilen ATP miktarı; Ke6 

aracılı FDT'den sonra boyama yoluyla canlı ve ölüm analizi; salınan nitrik oksit 

miktarı, üretilen reaktif oksijen türleri, mitokondriyal membran potansiyelindeki 

değişiim her iki dalga boylarındaki FBM ve Ke6 aracılı FDT uygulamalaı sonrası 

incelenmiştir. Bu nedenle, belirli bir dalga boyu ve enerji yoğunluğundaki FBM 

uygulaması fotodinamik eylemden elde edilen hücre ölümünü arttırmanın umut verici 

bir yoludur. 

 

Anahtar Kelimeler: Prostat kanseri, Fotodinamik terapi, Fotobiyomodülasyon, 

Klorin e6, İndosiyanin yeşili, 808-nm diyot lazer, 655-nm diyot lazer   
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Chapter 1 

Introduction 

Cancer is a type of disease that shows two different characteristics: one is unregulated-

uncontrolled cell growth and division, and another one is the distribution of the cells 

to other body parts besides its origin source [1], [2]. There are many different types of 

cancer and different characteristics due to the tissue where the tumor forms. Many 

cancers originate from epithelial cells and are therefore called carcinomas. The rest are 

categorized as sarcomas and adenocarcinomas depending on where cancer cells arise. 

It is a sarcoma that originates from mesoderm cells such as bone, and an 

adenocarcinoma that arises from glandular cells in the body [3]. 

As known, cell growth and division take place when an egg is fertilized; and these 

processes are regulated and controlled highly to form an embryo in the later human 

body and during normal development. However, this regulation and control 

mechanism cannot be maintained in cancer cells. The human body contains trillions of 

cells that are specialized to maintain itself and their function depends on where they 

are responsible. Cells grow and divide to replace the injured and dead parts to form 

and maintain the human body from the tissues to organs [2]. As known, cell 

proliferation results in two daughter cells from one mother cell. Later at an appropriate 

time, two formed daughter cells again pass to other cell divisions separately via a 

process that is named as cell cycle shown in Figure 1.1, and this process is composed 

of four stages. G1, S, G2, and M phases where the first three of them belong to the 

interphase. As known, the cell grows and prepares itself for division in the interphase, 

and genetic material DNA is replicated in the S phase. Later, the M phase takes place 

via two different stages: mitosis and cytokinesis. If mitogens or growth factors are 
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absent, cells are normally in a state called the G0 phase where they do not take part in 

the cell cycle. However, the presence of these parameters induces cells to enter or re-

enter the cell cycle and face the G1 checkpoint first. After that checkpoint, the cell 

cycle proceeds without any need for the inducing factors or any need. Different 

checkpoints during the cell cycle enable it to detect and respond to genetic material 

damage to maintain cell divides without any change in the DNA. If damage in the 

genetic material occurs, the G1 checkpoint senses it, and DNA replication cannot occur 

in the S phase [3]. 

 

Figure 1.1: The Cell Cycle [4] 

     On the other hand, the G2 checkpoint is responsible for proper and full DNA 

replication that takes place during the S phase and passage to the M phase. Lastly, the 

M checkpoint ensures the sister chromatids attach correctly to the mitotic spindle 

during the anaphase stage of the M phase. All of the checkpoints are important for 

correct cell division and to ensure DNA is replicated correctly and fully as well as 

daughter cells have the same chromosome number as the mother cell in the end. Failure 

in any of the checkpoints can give rise to cancer formation. In the case of the tumor 

cell cycle rather than the normal cell cycle, genes that regulate the cell cycle are 

mutated. This causes changes in cell cycle regulation, unexpected division-

proliferation, and tumorigenesis. For instance, mutations in Cyclin-dependent kinase 



3 

 

(CDK) genes were obtained in cancer patients because they take part in the cell cycle. 

The other factor is cyclins, which are kinds of proteins that have authority over 

activating CDKs; their overexpression also causes changes in the cell cycle. 

Furthermore, deletion of the gene responsible for the p16 protein which is a type of 

tumor suppressor via slowing the passage of the G1 phase to the S phase [3].  

Cells can undergo mutations that induce carcinogenesis due to several factors such as 

environment, reproductive life, diet, alcohol, smoking, and the body itself. For 

example, exposure to UV-B lights through the sun can change the DNA structure via 

forming pyrimidine dimers, the transmittance of viruses that belong to the retrovirus 

family induce carcinogenesis and products that occurred during the normal metabolism 

(for example oxygen radicals), and errors in the DNA replication due to any reason 

can result in carcinogenesis [3].  

Cancer cells have specific characteristics rather than normal cells called ‘Hallmarks of 

Cancer’ such as showing different energy metabolism (Warburg Effect, it is aerobic 

glycolysis that cancer cells produce ATP creating lactate from glucose even in the 

presence of O2), enhanced angiogenesis, high replication potency via keeping 

telomeres length is same, activating invasion/metastasis, escaping from cell death and 

immune system [3], [5], [6]. Also, cancer cells do not need external signals from 

growth factors for division and do not respond to growth-inhibitory signals [3]. 

Besides, when cancer cells begin to form, their microenvironment is activated via 

paracrine communication causing the microenvironment to change and expand the 

tumor [7]. Thus, in the end, the tumor microenvironment becomes different from the 

environment of normal healthy tissues [7], [8]. The tumor microenvironment contains 

many different types of cells such as endothelial cells, pericytes, normal and cancer-

associated fibroblasts, mesenchymal stem cells, and immune cells including 

neutrophils, eosinophils, basophils, mast cells, natural killer cells, T and B 

lymphocytes [8]. Also, the tumor microenvironment contains many factors such as 

cytokines, chemokines, different types of proteins, and growth factors that are secreted 

by cancer cells and other cells of the tumor microenvironment. All components of the 

tumor microenvironment enable the tumor to express specific characteristics. For 

example, cancer-associated fibroblasts activate fibroblasts irrevocably and take the 

role in the tumor microenvironment such as increased proliferation, and metastasis and 

gaining resistance to anticancer treatment. Of course, immune cells create 
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inflammation at the tumor site and produce toxic molecules such as reactive oxygen 

species (ROS) and nitric oxide (NO) [7].   

Sometimes, it is possible to treat cancer but if it is not treated eventually cancer cells 

will grow in the other body parts. As a result of this invasion, organs will not be able 

to function in a normal way, and in the end death of the cancer patient will take place. 

Generally, cells residue in specific tissue and organ and the boundaries of the organ 

are distinct from each other via basement membranes that are built up of extracellular 

matrix elements such as laminin, collagen, and proteoglycans. As mentioned at the 

beginning of the chapter, one of the major characteristics of cancer cells is their spread, 

invasion, and migration to other body parts passing these basement membranes and 

this process is known as metastasis. Metastasis is the main concern to conclude that 

cancer cells have benign or malignant characteristics and it is affected by the cancer 

cells themselves and the tumor microenvironment (Figure 1.2). Along with this, 

generally, tumors are prone to metastasize to specific places in the body and it creates 

some problems such as the breakdown of the organ working and rivalry of normal cells 

with cancer cells for oxygen and nutrients [3]. 

 

 

Figure 1.2: Cancer Metastasis: Invasion, Intravasation, Circulation, Extravasation, 

and Colonization [9]. 
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 This process begins with invasion in which cancer cells pass across and migrate the 

basement membrane, continues with intravasation which cancer cells pass into the 

vascular structure, circulation which cancer cells are involved in the bloodstream, 

extravasation which cancer cells pass through the vascular structure to organ site, and 

ends up with metastatic colonization which cancer cells start to colonize at the specific 

site [3], [9]. So, it is crucial to diagnose and treat any type of cancer in its stages. The 

most common cancer type among men with metastatic characteristics is prostate 

cancer, which causes a nonignorable impact. 

1.1 Prostate Cancer 

In men, prostate cancer ranks as the second most common cancer type after lung 

cancer, and it is the most aggressive cancer type regardless of disability, race, 

education, or income level [10]. This cancer type is characterized by adenocarcinoma, 

is diagnosed in older men, and is rarely diagnosed in men under the age of 40 [11]–

[13]. When risk factors were looked at, it is observed that age, race, genetics, obesity, 

diet, and smoking increased the chance of developing prostate cancer. Approximately 

over the age of 45, being from the black race, mutations of genes such as the BRCA2 

which are inherited, being obese, smoking, having chronic inflammation, infection, 

and diet that is high in calcium and dairy increase the prostate cancer risk. The deaths 

from this type of cancer also come from the beginning of the list being the fifth cause 

of death from cancer. It is estimated that approximately one man from every 25 men 

will be diagnosed with this type of cancer during their lifespan worldwide [10]. 

Moreover, 268,490 new cases of prostate cancer were expected and it is thought that 

there will be 34,500 deaths from prostate cancer in 2022 [14].  
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Figure 1.3: Localization of Prostate Gland in Male Reproductive System [15] 

The prostate is an important element of the male reproductive system that is located 

below the bladder and surrounds the urethra shown in Figure 1.3 [16]. It is a small-

sized exocrine gland that is responsible for the production of seminal fluid with 

seminal vesicles that help transportation of sperms (produced in testicles and 

maturated in the epididymis) transport outside the body [10], [16]. Secretion of 

proteins from the prostate gland preserves sperm and makes semen jelly and fluidic. 

Also, prostate gland secretion preserves sperm from degradation in the vagina 

environment which is acidic and helps sperm to reach the egg [16]. Normally, the 

prostate tends to become larger due to its nature, and this benign prostatic hyperplasia. 

This condition should not be confused with prostate cancer because cells of this gland 

become cancerous after any mutation results in cancer [10]. Prostate-specific antigen 

(PSA) is the main secreted protein of the prostate gland that has importance in 

indicating prostate health. It is produced by the epithelial cells of the prostate. In 

healthy men, PSA is secreted into the prostatic ducts and moved away by seminal fluid. 

So, there is no way to enter these PSA into the bloodstream but it can exude from the 

ducts to the bloodstream in the condition that the prostate loses its organization due to 

any chronic inflammation and cancer. PSA production is affected by the androgen 
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steroid hormone and enables prostate cancer cells to survive and proliferate. Thus, the 

detection of the PSA in the blood indicates there is prostate cancer in the patient [16].  

A biopsy is performed on the prostate, and PSA screening helps the diagnosis of 

prostate cancer, especially in developed countries. Especially, detection of PSA level 

enables the detection of prostate cancers that do not express any symptoms and early 

detection of prostate cancers. As mentioned above, it is normal for the prostate to 

become larger with age, the PSA level below 4 ng/mL is considered normal, between 

4 and 10 ng/mL is considered at risk, and above 10 ng/mL is considered at high risk. 

With this test, earlier detection of prostate cancer before it metastasizes creates an 

opportunity to treat it locally and increases the survival from cancer. But, the PSA test 

may result in overdiagnosis. Because of this kind of scenario, a biopsy is performed 

after the PSA level is high to conclude that prostate cancer presents itself. After the 

diagnosis of prostate cancer, there are many different kinds of treatment options for 

the management of this type of cancer [10].  

1.2 Anticancer Conventional Treatments  

Of course, there is a global concern and effort in treating cancer at every stage of it. 

There are conventional anticancer therapy strategies that try to exhibit cytostatic 

(prevention of cancer cell proliferation) and cytotoxic effects (eradication of cancer 

cells). The first action for cancer treatment is the surgical removal of the cancerous 

parts but this treatment can fail in some conditions such as metastasis due to the total 

removal of all body parts being impossible. Because of this, metastatic cancer cells 

will be tried to be eradicated via chemotherapy and radiotherapy. But both are lacking 

in the meaning of selective cancer cell eradication due to broad-acting spectrum drugs 

of chemotherapy damaging DNA and inducing apoptosis of cells that divide rapidly. 

Also, side effects such as hair loss (alopecia), ulcer formation, and anemia can be 

observed because cells related to them also divide rapidly like cancer cells. Besides, 

conventional therapies are not tumor selective or not enough for tumor elimination due 

to the development of resistance against conventional therapies [3]. The resistance that 

cancer cells develop in response to chemicals or radiation. For example hypoxia, a low 

level of oxygen in the cancer tissue is the result of increased growth, and metabolic 

changes resulting in resistance against radiotherapy [7]. Mostly, chemotherapy does 

not work at any stage of cancer when cancer cells develop resistance after the 
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administration of the chemotherapy drug. Cancer cells create this resistance to specific 

drugs by inactivating them, inhibiting cell death, altering the metabolism of the drug, 

changing the target of the drug, and enhancing DNA-repair mechanisms and epigenetic 

factors [17].  

When the issue comes from prostate cancer management, it is not different from the 

other types of anti-cancer treatments. The local prostate cancers which are not 

metastasized are tried to be eliminated via transurethral prostatic resection (TURP), 

radical and laparoscopic prostatectomy in which the total or some part of the prostate 

gland is surgically removed. Another option is radiotherapy in the form of 

brachytherapy where radiation is applied from the inside of the body using radioactive 

chemicals placed into the prostate or external beam radiotherapy where radiation is 

applied from the outside of the body where the prostate is present. Another treatment 

option is cryotherapy which uses the low temperature to kill cancer cells together with 

the prostate gland [10], [18]. With the discovery of a new treatment option for prostate 

cancer which is androgen deprivation therapy (ADT), surgical removal and radiation 

therapy used together with this treatment type has gained popularity. Androgen is a 

steroid man sex hormone and it stimulates the luteinizing hormone releasing hormone 

(LHRH) production. An Increase of LHRH in the bloodstream stimulates luteinizing 

hormone (LH) release and LH induces the production of testosterone in the testicles. 

Prostate cells convert testosterone to dihydrotestosterone and this converted version of 

the testosterone results in the activation of the transcription of genes related to the cell 

growth via tightly binding to androgen receptors. In addition to the testicles, the 

adrenal glands of the kidneys are also responsible for the production of the androgen 

hormone. So, ADT is a kind of therapy that works depending on hormones that aim to 

reduce the produced androgen level by surgical removal of testicles or using medicines 

that lower androgen levels produced by testicles and adrenal glands such as LHRH 

agonists and antagonists or medicines that stop the action of the androgen such as anti-

androgens or hormones that suppress androgen such as female estrogen hormones [18]. 

Although this therapy is effective in the early stages, its efficacy can reduce due to the 

creation of androgen-independent prostate cancer over time. If prostate cancer does 

not respond to hormone therapy, more aggressive chemical drugs are involved in the 

treatment of prostate cancer. If prostate cancer does not respond to the hormone 

therapy and it metastasizes to the other parts of the body, chemotherapy is considered 
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and involved in the treatment. Several cytotoxic agents such as docetaxel, cabazitaxel, 

mitoxantrone, and estramustine are widely used chemo drugs [10].  

Even though the presence of these anti-cancer treatments and their application for the 

management of prostate cancer in clinics, there are some drawbacks to these 

treatments. Risk of bleeding due to surgical removal, uneven irradiation distribution 

(which can increase the temperature) due to radiotherapy, cardiovascular problems due 

to lowering the testosterone level of the blood by ADT, erectile problem, osteoporosis, 

anemia and drug resistance due to chemotherapy can be thought as disadvantages [10], 

[18]. It is clear that resistance created by cancer cells to the specific type of anti-cancer 

treatments, especially to the used drugs is a problematic condition. Thus, creating and 

enhancing anti-cancer therapy so that cancer cells cannot develop any resistance is 

important and necessary to survive cancer [10]. There are many novel anti-cancer 

therapies and strategies that cancer cells do not express any resistance such as 

immunotherapy, cold atmospheric plasma application, nanotechnology, and targeted 

therapies (that aim for specific pathways related to cell growth, apoptosis, and 

progression of cancer) and laser therapies such as laser interstitial thermal therapy and 

photodynamic therapy [19]–[24].  

 

1.3 Anticancer Photodynamic Therapy 

Light can induce chemical reactions in the cells or tissues as known in the 

photosynthesis process in plants [25]. The benefits gained by photochemical reactions 

date back to ancient times. Phototherapy was used for the treatment of many diseases 

using the advantages of sunlight. Many skin problems and diseases such as vitiligo 

(lack of melanin pigment in the skin), rickets/osteomalacia (softening of bones), 

psoriasis (an autoimmune disease in the skin is inflamed), and skin cancer were treated 

with sunlight, especially in Egypt, China, Greece, and Rome (Figure 1.4). There are 

examples of phototherapy that were conducted with some plants in ancient Egypt for 

vitiligo treatment [26].  
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Figure 1.4: Phototherapy Conducted with Ammi majus plant via Sunlight in Ancient 

Egypt [26] 

The rediscovery of it at the beginning of the 20th century enabled us to use this 

photochemical therapy for many purposes. From the days of the 20th century to these, 

phototherapy has been used for different purposes. In 1905, Von Tappeiner and 

Jesionek could treat lupus and genital wart using several chemicals such as eosin and 

fluorescein. Also, they could inactivate basal cell carcinoma using eosin and sunlight 

or a lamp. With these results, they laid the foundation of photodynamic therapy (PDT) 

which is now one of the building blocks of modern cancer treatment [26].  

Figure 1.5: Anticancer Photodynamic Therapy (Drawn in BioRender) 
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PDT is a kind of photochemical interaction requiring the administration of non-toxic 

chemicals (via systemic, local, and topical administration) and light application that is 

used for the treatments of infection, diseases, and cancer non-invasively which shown 

in Figure 1.6 [25], [27]. This mechanism needs 3 main elements: a chromophore that 

absorbs light at a specific wavelength named photosensitizer (PS), a light, and 

molecular oxygen. To get photodynamic action, applied light whether from 

conventional light sources (such as light-emitting diodes (LEDs) or halogen lamps), 

or lasers should be absorbed by the PS or used light should be matched with the 

absorption spectrum of PS in other words (Figure 1.5). By that, together use of light 

and PS can induce cancer cell death while their separate use does not result in any 

cytotoxicity to them [28]. Energy transfer from light to the PS creates highly reactive 

cytotoxic chemicals that kill cancer cells. Reactive species especially reactive oxygen 

species (ROS) induce protein, lipid, and other cellular parts yielding cancer death. In 

PDT with the aspect of the clinic, first PS should be administered to the where cancer 

is present in the body to induce cancer cell death via different administration routes 

such as intravenous or topical. Then, a certain time is allowed for the cancer cells 

called incubation to uptake the PS into the cells, and light at a specific wavelength is 

applied to the tumor site superficially or interstitially. With the light application, 

photodynamic action induces photochemical reactions via the excitation of PS 

resulting at the end of cancer cell death [29].  

 

Figure 1.6: Application of Photodynamic Therapy: Steps include administration of 

PS, incubation of PS for localization at the tumor site, application of light activates 

PS, and cancer cell death [30].  
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PDT kills cancer cells via many pathways but mainly these can be categorized as to be 

direct and indirect cell death by PDT. Direct damage is obtained due to direct 

interaction with cancer cells via necrosis or apoptosis while indirect damage is due to 

the creation of hypoxia, and lessened nutrients via vascular damage and the creation 

of inflammatory response providing cytokines and inflammatory chemicals via the 

immune system shown in Figure 1.7 [27], [31].  

Cancer cells die in two different ways programmed cell death (PCD) and non-

programmed cell death processes such as apoptosis, autophagic cell death, and 

necrosis after PDT is applied. The type of the PCD is changed depending on the 

transferred energy dose of the light, cell type, oxygen partial pressure, localization, 

and incubation time of the PS [27], [32]. Induction of apoptosis occurs via localization 

of the PS. The mitochondria are the main organelle that regulates and controls the 

apoptotic pathways. Another localization site is the endoplasmic reticulum (ER) that 

PDT damage the calcium pumps and causes calcium ion release or Bax/Bak which are 

pro-apoptotic proteins causing a change in the mitochondrial membrane potential 

(MMP, ΔΨm). Due to the change in the MMP, pores of the mitochondrial membrane 

are opened and many proteins found in the intermembrane space are released into the 

cytoplasm [27]. Released proteins such as cytochrome c, the mitochondrial activator 

of caspases (SMAC), and apoptosis-inducing factor (AIF) are responsible for the 

induction of apoptosis. In the cytoplasm, cytochrome c combines with inactive forms 

of caspase 9 (Cas9) and caspase 3 (Cas3) which are responsible for the final stages of 

apoptosis taking place via inducing chromatin condensation and DNA fragmentation. 

A combination of them creates apoptosomes (protein structures formed in the 

apoptosis) that caspases are activated [27], [33]. Also, Bcl-2 apoptotic protein is 

released from the Bcl-2 gene which is the regulator. PS can also localize in the 

lysosome. After the PDT, lysosomal membrane disruption is disrupted and cathepsins 

(a kind of hydrolytic protein) are released into cytosol with the disruption. Cathepsins 

can activate Bid which is a proapoptotic protein and then apoptosis is induced through 

mitochondria [27]. Another PCD that is triggered by PDT is autophagy which is a 

process that enables cells to survive damaged components. If the damage in the cell is 

pretty much, autophagy induces cell death via autophagosomes (double membrane 

vacuoles) [27], [34]. PDT application results in autophagy via downregulation of 

PI3K/AKT-mTOR signaling related to cell cycle regulation (resulting in the reduction 
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in apoptosis and increase in proliferation) or upregulation of the AMPK pathway 

related to tumor suppression [34]. In addition, necrosis is a destructive cell death 

characterized by swelling, and plasma membrane integrity disruption together with 

inflammation and it can be induced by photodynamic action [32].  

Figure 1.7: Effects of Photodynamic Therapy. PDT induces apoptosis/necrosis, 

damages tumor niche vasculature, and regulates the immune system via ROS. 

(Drawn in BioRender) 

Despite the direct cancer-killing whether apoptosis or necrosis, PDT also disrupts the 

vascular structure of the tumor. PSs that locate endothelial cells of vessels can be 

activated by the PDT. With the vascular structure disruption, cancer cells starve from 

oxygen and nutrients, and in the end, they die. Another indirect mechanism is an 

immune system that suppresses it after local PDT application while it is stimulated 

after non-local PDT. After the observation of apoptosis and necrosis via PDT, 

disruption of the tumor and homeostasis induce inflammatory conditions via 

cytokines, growth factors, and many proteins that we heard about and be familiar with 

from the COVID-19 pandemic as the cytokine storm [31]. These produced 

inflammatory products provoke immune cells to clear these apoptotic and necrotic 

tissues. Thus, PDT has an effect to regulate the immune system to induce cancer cell 

death via immunostimulation (by exciting cytokines IL-1𝛽, IL-6 and blocking anti-

inflammatory cytokines IL-10, TGF-𝛽) or immunosuppression [31], [35].  
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1.3.1 Action Mechanism of Photodynamic Therapy 

The action mechanism of PDT is basically based on the energy transfer from light to 

the PS and PS to the molecular oxygen in the environment. Absorption of light at a 

specific wavelength chosen depending on the absorption spectrum of PS by the 

electrons of PS causes the jump of the PS from the ground energy level to the higher 

energy state which is an excited singlet state [28], [36]. The lifetime of the electrons 

at this state is very short, approximately in nanoseconds which makes the interaction 

of electrons with any compound in this state not impossible. Because of this 

unstableness, electrons tend to lose their excess energy and lower themselves back to 

the ground energy level. Electrons lose their energy in the form of light (fluorescence) 

or heat while going back to ground level. Also, there is another chance that electrons 

lowered to another state which is above the ground state called a triplet excited state 

due to their change in electron spins, and this process is called an intersystem. 

Electrons can locate in this triplet excited state longer than the excited singlet state and 

shorter than the ground state with approximately milliseconds. The presence of 

electrons for a longer time at the triplet excited state enables time for them to interact 

with other compounds [36].  

 

Figure 1.8: Jablonski Diagram Showing Photochemical Mechanisms of PDT: Type I 

and Type II Energy Transfer (Drawn in BioRender) 

There are two possible photochemical mechanisms that could take in this state in the 

meaning of energy transfer and they are called photochemical mechanisms of PDT can 

be seen in Figure 1.8 (Type I and Type II photochemical mechanisms). These two 
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mechanisms may occur alone or together and their accruing percentage depends on the 

PS type and the environment. In type II photochemical reaction, the excess energy of 

the PS in the triplet excited state is transferred to molecular oxygen and singlet oxygen 

(1O2) is produced with this energy transfer. Produced 1O2 interacts with many 

molecules in the cell and oxidizes proteins and lipids. Like type I photochemical 

reaction, the excessive energy of triplet excited state PS is transferred but this 

transferred energy (occurred via electron or hydrogen transfer in direct contact 

reaction) interacts with biomolecules in the cells producing free radicals. Because of 

the unstable characteristics of free radicals, they tend to interact with molecular oxygen 

rapidly and ROS such as superoxide radical (.O2-), hydroxyl radical (.OH ), and 

hydrogen peroxide (H2O2) are produced. ROS are really oxidizing, cytotoxic, and 

highly reactive molecules that kill cancer cells via creating oxidative stress resulting 

in the deformations in proteins, lipids, membranes, DNA, and RNA.  Type I energy 

transfer damages biomolecules violently [28], [36]. Depending on the accumulation 

location of PS, cytotoxicity can change. It is thought that accumulation inside the cell 

and membranes including cells and organelles results in a more destructive effect. In 

particular, the accumulation of PS in the cellular membrane causes the oxidations of 

lipids and proteins resulting in cell content leakage with the photodynamic action [28].  

Denaturation of the protein structure via radicals (produced from type I and type II 

photochemical mechanisms) results in fragmentation, unfolding, and dimerization 

causing proteins to not function, and binding of metals or chemical compounds to the 

proteins causes aggregation. Protein fragmentation that is mediated by ROS involves 

the removal of hydrogen from the peptide chain and the reaction of this peptide chain 

with oxygen produces peroxyl radicals of protein. Also, further reactions induce the 

cleavage of proteins resulting in inactive proteins. In addition, PDT causes cross-

linking of proteins, especially proteins of membranes and ATPase enzymes [27].  

Moreover, interactions of produced reactives (from type I and type II photochemical 

mechanisms) with phospholipids of the membrane (such as ER, lysosome, 

mitochondria, and cell membranes) cause lipid peroxidation via different steps 

including the removal of the hydrogen atom. The first step is the specific reaction, 

named ene reaction, in which singlet oxygen (produced via type II photochemical 

mechanism) interacts with lipids giving rise to the formation of hydroperoxide. 

Another step involves the direct interaction of lipids with type I phıtıchemical 
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mechanism products. When hydrogen is separated from the unsaturated fatty acid, a 

lipid radical is formed and this process is unchangeable. Formed lipid radicals are 

added to their composition the oxygen forming the peroxyl radical due to its short 

lifetime and this chemical starts another reaction that ended up with lipid 

hydroperoxide. Overall, phospholipid bilayer cell membrane integrity is disrupted in 

the end [27], [28].  

1.3.2 Photosensitizers 

Photosensitizing agents are an essential key of the PDT, without them, it cannot be 

possible to occur photodynamic action. PSs are responsible for light absorption and 

turn light energy into the formation of ROS via photochemical reactions which are an 

important element of PDT resulting in cancer cell death without causing any toxicity 

when irradiation does not occur. Many types of chemicals are used for PDT in the 

literature. Generally, PSs can be divided into three main categories to be first 

generation PSs, second-generation PSs, and third-generation PSs [31].  

Hematoporphyrin (HpD) and porphyrin which is a kind of HpD belonged to the first-

generation PSs that were used first After the development of the PDT area, the need 

showed up for enhanced, and effective PS. For that need, second-generation PSs were 

started to be researched and used. They tried to solve the drawbacks of first-generation 

PSs by showing higher purity, higher formation of ROS, and deeper tissue penetration 

(tissue penetration increases by increasing the wavelength of light to 600-800-nm 

region) with fewer side effects [31], [37]. Chlorins, derivatives of chlorins, porphyrin 

derivatives, methylene blue, toluidine blue, phthalocyanines, indocyanine green, and 

aminolevulinic acid (ALA) belong to the second-generation PSs [31], [38], [39]. 

Lastly, third-generation PSs are another category that is specifically targeted for their 

accumulation at the tumor site reducing the damage to healthy tissues. This type of 

PSs is conjugated with biomolecules such as carbohydrates and proteins including 

antibodies or they are integrated into carrier systems such as nanoparticles and 

quantum dots [31], [37][31], [40]. There are also subgroups that can be considered as 

natural PSs in the second generation PSs, these are curcumin, riboflavin, and chemicals 

produced by microorganisms/plants such as anthraquinones, hypericin, hypocrellin, 

etc [38], [40].  
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It is thought that an ideal PS should express some features when an issue comes to it 

to obtain effective PDT. These features are listed below.  

● PS should be capable of producing reactive species especially ROS and singlet 

oxygen.  

● PS should absorb long wavelength light or it should have a high absorption 

coefficient in other words to reach deeper tumors where they present.  

● PS should not express any toxicity in the dark environment, it should become 

cytotoxic when light is applied, and it should accumulate tumor sites 

selectively.  

● PS should be chemically pure, stable, and easily administrable to the body. 

● PS should absorb light at a specific wavelength that proteins of the human body 

such as melanin or hemoglobin do not absorb that wavelength.  

● PS should not be expensive, and soluble in tissues including tumors. 

● Lastly, PS should be cleared from the body [27], [37].  

1.3.3 Light and Light Sources 

Many types of light sources such as light-emitting diodes (LEDs), lasers, and even 

light bulbs that are used in houses were used to reach PDT. Although lasers are 

expensive, they are the most used light sources for PDT. Although lasers are an 

expensive choice due to the cost of their self and optical setup to transfer produced 

light through optical fiber cables, they are chosen because of their specific 

characteristics such as coherency, collimation, and monochromaticity with narrow 

spectral width. Produced laser light can be obtained with high output power, with a 

specific wavelength that matches only the PS absorption peak, with continuous or 

pulsed, and coherent light is created via stimulated emission. Among the lasers, the 

most used one is diode lasers for the photodynamic action which enables laser light 

between 600 and 1200 nm. This range of wavelengths is important for the treatment 

means reaching the tissues. Shorter wavelengths travel less in the tissue which can be 

problematic for deeper tumors. But, longer wavelengths such as 850-nm and above do 

not have enough energy to induce the effect (Figure 1.9). Because of these handicaps, 

PDT conducted with light between 600 and 850-nm is accepted as a phototherapeutic 

window [41].  
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Figure 1.9: Light Penetration Depth in Tissue. Red light travels approximately 4 mm 

while near-infrared light travels 5 mm and above into tissue [42]. 

Another widely used light sources are LEDs which are used due to their low cost, 

easily reachable, and not easily damaged due to high temperature but the light of LEDs 

is produced via spontaneous emission which makes light incoherent [31]. Because of 

the incoherent characteristics of LEDs, emitted light diverges and has wide spectral 

width (main wavelength ± 5%) which means many wavelengths can be obtained. 

These properties affect the PS absorption and PDT efficacy of course. In the literature, 

it was observed that LEDs are used generally for superficial problems endoscopically 

or interstitially. Less used PDT light source is lamps including fluorescent and 

incandescent. They create light with a wide spectrum like LEDs can be considered as 

a disadvantage but they are not expensive, simple to use, and irradiate larger areas. In 

addition, there is a risk of burns by triggering another mechanism of photothermal 

therapy if irradiated too long or with high output power [41].   

Used light source and PS to induce photodynamic action should be chosen according 

to two of them because applied light should match the peak of the absorption spectrum 

of PS and its excited atoms of it. In addition, light energy density should be optimized 

to obtain PDT and its destructive effects.  
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1.4 Strategies for Increasing the Efficacy of Anticancer 

Photodynamic Therapy 

As mentioned in previous sections, PDT is an option for cancer treatment besides 

conventional treatments. This treatment modalities have more advantages than 

conventional ones such as no side effects, less invasiveness, destroying cancerous 

tissue together with their microenvironment vascular structure, no scar tissue 

formation, not being too expensive, selective cancer cell death due to accumulation of 

PSs at tumor site which explained by enhanced permeability and retention effect 

phenomenon due to irregular vascularization of tumor and insufficient lymphatic 

system drainage and selective irradiation at the tumor site [31], [43]. Although these 

advantages, PDT has some drawbacks and factors that their efficacy is reduced. PDT 

may not be enough in conditions where cancer metastasizes because of its local 

applicability [31].  

All mechanism of the PDT resistance has not been solved but several conditions were 

revealed in the literature that takes place during the resistance against this anticancer 

treatment modality. These are explained step by step in the text. i) Drug resistance: 

Like chemotherapy drugs and radioresistance, resistance against PS can be formed via 

removing PS outside from the cell, processing of PS inside the cell, reducing the PS 

activity, and inactivation of PS showing a similar mechanism of these [35], [44]. It is 

thought that these characteristics, especially the efflux of PS is due to p-glycoprotein, 

and ATP-binding cassette (ABC) transporters that facilitate active transport. ii) Repair 

mechanism: stress formed after the PDT can induce repair mechanisms to heal 

biomolecule damages via activation of survival genes. iii) Antioxidant defense system: 

antioxidant defense system is another issue that inactivation of formed reactive species 

and inactivation diminishes or reduces the efficacy of the process [44]. Antioxidant 

defense system involves superoxide dismutase (SOD, which takes ROS into redox 

reaction and results in the formation of oxygen and H2O2, catalase, lipoamide 

dehydrogenase), and glutathione system that remove ROS. iv) Apoptosis and 

autophagy: it is thought that apoptosis or autophagy is diminished after the PDT 

application. As known, PDT induces regulator signaling pathways of both related to 

increased apoptosis and increases damage repair at the same time. So, the reason 
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resulting in the elimination of cell death after PDT could be this. PDT may induce anti-

apoptotic proteins of Bcl-2 when PS localizes in ER, and diminish apoptosis when PS 

localizes in the cell membrane. If the applied light energy density is not enough to 

induce apoptosis, another cell death mechanism dominates which is autophagy and 

this process can activate the cell survival after PDT. v) Heat shock proteins (HSPs): 

HSPs are other parameters that are induced due to PDT and reduce its efficacy of it. 

These are produced in the presence of stressors and PDT can change their expression 

to be upregulation via creating oxidative stress. vi) NO: NO itself can be toxic to cells 

or can induce a protective mechanism in the cells via several pathways related to 

oncogenes and ABC transports and this molecule can reduce the efficacy of PDT. At 

low NO concentrations, behaving like an antioxidant, can reverse the lipid 

peroxidations of cell membranes via capturing radicals. If this occurs during the PDT 

action, the destructive effect of this phototherapy is reduced and cells become resistant 

to the stress condition. It is shown in the literature that increased inducible nitric oxide 

synthase (iNOS) expression increases the resistance of cancer cells against PDT and 

reduces the activation of Cas3 and Cas9 [35], [44]. vii) Hypoxia: Many tumors express 

the hypoxic condition that is expressed due to increased proliferation, changed cell 

metabolism, and different vascularization and this low level of oxygen condition make 

cancer cells more aggressive and resistant to the treatment. It is known that PDT itself 

changes vascular structure where it is applied and depletes environmental oxygen 

during the application via expression of vascular endothelial growth factor (VEGF) 

through hypoxia-inducible factor 1 (HIF) alpha. This results in the additional hypoxic 

condition that may be cancer cells turn protective mechanisms and resulting in 

increased cell proliferation and self-survival [35], [45].  

It is not surprising that PDT has drawbacks for cancer. To eliminate the drawbacks of 

this therapy mentioned above and increase its efficacy on cancer death via showing 

synergy between these two treatment modalities, PDT should be combined with other 

treatment options. The literature shows that it has been so. There are examples that 

PDT combined with conventional anticancer modalities such as chemotherapy, 

radiotherapy, immunotherapy, and novel anticancer treatment techniques such as the 

application of cold atmospheric plasma and nanotechnology [46]–[52]. Nowadays, 

combining another phototherapy, photobiomodulation, with PDT is gaining popularity 

which is normally not used for anticancer purposes.  
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1.4.1 Photobiomodulation 

Photobiomodulation (PBM) or low-level light/laser therapy (LLLT) is a kind of non-

invasive phototherapy that is obtained by generally especially red region of visible 

(VIS) and near-infrared (NIR) electromagnetic spectrum (between 600 and 1100-nm) 

and used for the reduction of inflammation, increased cell proliferation, and pain relief 

purposes. Different from the PDT, this therapy does not require any photosensitizing 

agent to induce photochemical interaction. Its chromophore is mitochondria inside the 

cells which are not PS. Also, the output of the light that is used for PBM purposes is 

not above 500 mW and the energy density of light is not high [53]. However, it is 

crucial to determine the parameters of PBM such as output power, energy density, 

application time, and wavelength of light which can be changed by cell type due to 

obtaining PBM because it shows a biphasic dose-dependent characteristic called the 

Arndt-Schultz curve. According to this rule, you get the therapeutic effects at specific 

parameters called therapeutic window and you get an enhanced effect by increasing 

the strength of light parameters [53], [54]. However, above the optimum parameter 

that you obtain the maximum therapeutic result for the specific disease, no therapeutic 

effect or even destructive effect is observed. Vice versa, you can not get any 

therapeutic effect below the therapeutic window [54]. Thus, it is vital to determine the 

effective parameters to induce the PBM mechanism. 

 

Figure 1.10: Effects of Photobiomodulation on Cells: Light can activate 

mitochondria and light-sensitive ion channels [53]. 
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The underlying mechanism of PBM is not completely clear yet but there is some 

evidence that light is absorbed by mitochondrial elements. The wavelengths used for 

the PBM which vary between 600 and 1100 nm cover the absorption range of 

cytochrome c oxidase (Cox) transmembrane protein with between red 700 and 780 

nm. Cox is the fourth and last element of the respiratory electron transport chain of 

mitochondria and is responsible for the reception of electrons from cytochrome c and 

delivery of them to oxygen forming water molecules. Also, this enzyme increases the 

electrochemical potential for the ATP synthase to produce ATP. Cox has four redox 

active metal centers such as two copper (CuA and CuB) and two heme (porphyrin with 

iron) (heme a and heme a3) centers [24], [55]. Both centers can be reduced or oxidized, 

reducing oxygen to water and producing photons for ATP synthase [56]. After the 

photons of PBM-light are absorbed by Cox, activation of the enzyme results in 

increased ROS, MMP, ATP production, NO, and Ca2+ levels. Activation of pathways 

leads to increased protein synthesis, cell migration, proliferation, anti-inflammation, 

anti-apoptotic proteins, and antioxidant enzymes. PBM can do this by increasing the 

available electrons for the Cox enzyme and gradient results in the increase of MMP, 

ATP, and ROS levels (Figure 1.10 and Figure 1.11). Besides these, NO is increased in 

the cells after PBM application [55].  

 

Figure 1.11: Photobiomodulation or Low-Level Light/Laser Therapy (Drawn in 

BioRender) 
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NO is related to the oxygen consumption of mitochondria and in some conditions such 

as activation of HIF for the control of the hypoxic condition and transmission of 

oxygen to distant cells, mitochondrial cell respiration (use of oxygen) is inhibited by 

NO binding to the Cox [57]. It is thought that release of excessive NO from the centers 

of Cox where its non-covalently binding sites via light application reverse the 

inhibition of cell respiration. Thus, NO release by the PBM starts respiration again via 

oxygen influx, and ROS are formed as a result. Also, NO can be released from the 

other binding sites after the light application. According to one theory, light absorption 

by Cox increases MMP causing increased ATP production due to increased gradient 

and ROS, Ca2+, and NO increase. This occurs due to changes in mitochondrial 

structure triggering ATP production and ion passage from the changed mitochondrial 

pores [55], [56]. In another theory for the explanation of the PBM mechanism, light 

especially in NIR region application can activate and open light-sensitive ion channels 

and causing the depolarization of the membrane and increasing the intracellular Ca2+, 

and ROS [53], [55].   

Nowadays, the application of PBM, which its primary application is for proliferation, 

pain relief, and anti-inflammatory purposes not due to anticancer, on cancer cells to 

get more effective death is gaining popularity. It is really a debatable issue because the 

application of PBM into cancer cells can make them more resistant to any anticancer 

treatment type and result in increased proliferation of cancer cells which is not wanted. 

In the literature, there are examples of PBM that are combined with other conventional 

anticancer treatment options of radiotherapy or chemotherapy for the reduction of 

complications such as oral mucositis/radiodermatitis lesions and pain, or for the 

prevention of postoperative complications including peripheral neuropathy and oral 

mucositis via enabling supportive care [58]–[63]. In addition, there is an example that 

PBM increases the efficacy of radiotherapy inducing cancer death of HeLa cells. 

Researchers could induce cancer cells to radiotherapy by applying PBM [64]. 

In addition, there are examples of combined applications of PBM and PDT for 

anticancer applications. Tsai et al. applied PBM with 810-nm laser light at 1.5 J/cm2 

energy density before the PDT application with 652-nm lamp light at 1.5 J/cm2 energy 

density on human osteosarcoma cancer cells after 2h incubation with 10 𝜇M mono-L-

aspartyl chlorin e6 (NPe6) in vitro. They observed higher cancer cell death and higher 
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ROS formation in combined application due to increased cellular uptake of the PS as 

a result of increased ATP production after the PBM [65]. Several years later, Negri et 

al. used the same hypothesis on human melanoma cancer cells. They used two different 

ruthenium phthalocyanine types as a kind of PS with 4 h incubation with the presence 

of PBM with 850-nm wavelength LED light at 4.5 J/cm2 energy density, and then they 

experienced PDT application with 660-nm wavelengths LED light at 3 J/cm2 energy 

density in vitro. For both PS types, combined PBM and PDT showed increased cancer 

cell death and they correlated this outcome with increased cellular uptake by increased 

ATP level after PBM [66]. In much closer years, Joniova et al. conducted a study that 

enhances PDT efficacy by PBM in vitro and in vivo. They irradiated human glioma 

cancer cells with different wavelengths ranging between 635 and 850-nm varying 

power intensities of laser lights for PBM and ALA PS is administered, then 3 h time 

is given for the endogenous production of PPIX PS after the PBM. Cells received 405-

nm laser light PDT at 2.5 J/cm2 energy density in vitro. Researchers optimized that 

most endogenous PPIX-producible PBM light and relative to this conclusion, they 

observed increased cell death in PBM applied before the PDT group. Also, they 

correlate the enhanced cell death with the increased amount of ROS production 

together with singlet oxygen and decreased MMP. Another part involved in vivo 

studies. The selected wavelength, 635, 730, and 808-nm, for PBM, were applied to the 

tumor site, and then 405-nm laser light at 50 J/cm2 energy density was used for PDT. 

Researchers observed similar effects of optimized in vitro parameters in vivo also [67]. 

de Faria et al. investigated the effect of PBM at 780-nm light and 5 J/cm2 energy 

density on two different squamous carcinoma cell lines in vitro. They conducted PDT 

with 630-nm light at 15 J/cm2 energy density in the presence of Photogem® PS after 

4 h incubation. They observed different outcomes in the meaning of cell viability 

depending on cell types. In one cancer cell type, prior application of PBM results in 

higher cell death than that is obtained by PDT due to increased uptake of PS and ROS 

production but the outcomes of PBM on other cancer cell type is different than the 

result obtained by PDT [68]. According to the results of de Faria et al., an idea of PBM 

application before the PDT changes from cells to cells. Also, when the analyses that 

were checked in those studies are not enough to explain the PBM effect on cancer cells 

and the PBM effect that increases/decreases the efficacy of photodynamic action.  
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In this study, it was asked and investigated that human prostate cancer cells, which are 

the second most common cancer type among men, would show increased cell survival 

via turning on cellular self-defense or increased cell death via showing elevated PDT 

process when it is combined with PBM. If pre-treatment of PBM on prostate cancers 

shows increased or decreased cancer cell death, what are the main contributors to this 

result? These questions were tried to be answered in this study via various analyses.  

For that aim, it was hypothesized application of PBM which is not used for anticancer 

purposes before the PDT enhances the efficacy of photodynamic action and it was 

investigated whether PBM therapy has an effect on PDT on human prostate cancer 

cells using 655 and 808-nm laser light. In addition to cellular viability investigations, 

several mechanistic analyses such as cellular uptake of PSs, and ATP synthesis after 

PBM; ROS production, MMP change, and NO release after both PBM and PDT were 

determined. Also, the groups that showed significantly increased cell death over the 

only PDT experienced live and death analysis via staining.  
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Chapter 2 

Materials and Methods 

This study generally includes two main sets. It is aimed to increase the efficacy of 

photodynamic therapy, and get more effective anticancer treatment via applying 

photobiomodulation on human prostate cancer cells before the photodynamic therapy 

applications. In the first main step, 655-nm red diode laser light was applied to human 

prostate cancer cells for the photobiomodulation process and then cells were irradiated 

with 808-nm near-infrared diode laser light after specific incubation times with 

indocyanine green for photodynamic action. This first main set also includes two sub-

main steps in which incubation times differ. There are two different incubation times 

of indocyanine green 1h and 24h with human prostate cancer cells. In the second main 

step, 808-nm near-infrared diode laser light was applied to human prostate cancer cells 

to induce photobiomodulation and then cells were radiated with 655-nm red diode laser 

light after specific incubation times with chlorin e6 for photodynamic therapy. This 

main step also includes two sub-main steps like the first main step where the incubation 

times differ. As an incubation time, chlorin e6 was incubated for 2h and 24h with 

human prostate cancer cells. After the application of photodynamic therapy, cell 

viability analysis was conducted on human prostate cancer cells. In addition to the cell 

viability, cellular uptake of photosensitizers after photobiomodulation (with both 655 

and 808-nm diode laser lights); the amount of produced ATP after photobiomodulation 

(with both 655 and 808-nm diode laser lights); live and death analysis via staining after 

Ce6-mediated photodynamic therapy; the amount of NO released, the amount of 

produced ROS, change in MMP after photobiomodulation (with both 655 and 808-nm 

diode laser lights) and Ce6-mediated photodynamic therapy were determined.  
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2.1 Cell Culture 

PC3 human prostate cancer cell line (ATCC CRL-1435) which was supplied by the 

Bioengineering Department of Ege University was used in this study. The PC3 cells 

were grown for proliferation in 75 cm2 tissue culture flasks in RPMI-1640 cell culture 

medium (Sigma Aldrich, St. Louis, MO, USA), including 1% L-Glutamine, 1% 

Penicillin-Streptomycin (Sigma Aldrich, St. Louis, MO, USA), and 10% Fetal bovine 

serum (FBS) (Capricorn Scientific GmbH, Ebsdorfergrund, DE) at 37 0C and 5% CO2 

humidified atmosphere. The cell culture medium of PC3 cells was changed and 

replaced every 2 days for a week. PC3 ells were incubated up to their confluency 

reached 80% and over. After the PC3 cells reached 80% and over confluency, they 

were detached from the surface where they reside using Trypsin-EDTA 10X (Sigma 

Aldrich, St. Louis, MO, USA) diluted to 1X with Phosphate Buffered Saline (PBS) 

(Sigma Aldrich, St. Louis, MO, USA) after washing the cells with PBS. After the 

detachment of the cells from the surface of the 75 cm2 tissue culture flask, 1x105 cells 

per well were seeded to a 96-well plate to be used in the experiments.  

2.2 Photosensitizers 

One of the anionic photosensitizers, Indocyanine Green (ICG) (Santa Cruz 

Biotechnology, Dallas, TX, USA) which its chemical structure shown in Figure 2.1, 

and one of the cationic photosensitizers, Chlorine e6 (Ce6) (Santa Cruz Biotechnology, 

Dallas, TX, USA) which its chemical structure shown in Figure 2.2 were used in this 

study. 
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Figure 2.1: Chemical Structure of Indocyanine Green [69] 

 

Figure 2.2: Chemical Structure of Chlorin e6 [70] 

 Stock solutions of ICG and Ce6 were prepared using RPMI-1640 cell culture medium 

and diluted using the same cell culture medium. ICG stock solution was diluted to 

obtain 25, 50, and 100 µM concentrations and Ce6 stock solution was diluted to get 

2.5, 5, 10, and 25 µM concentrations freshly before performing each experiment. 

2.3 Light Sources and Optical Setup 

808-nm diode laser (Teknofil, Istanbul, Turkey) and 655-nm diode laser (PS4 III. 

LED; Changchun New Industries Optoelectronics Tech. Ltd., China) were used as 

light sources (see Figure 2.3).  
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Figure 2.3: 655-nm Diode Laser Device (left) and 808-nm Diode Laser 

Device (right) 

By these laser devices, near-infrared 808-nm, and red 655-nm diode laser light were 

obtained and used for the experiments. Both 808-nm and 655-nm diode laser devices 

gave continuous mode of radiation through optical fiber with 2 W and 1 W maximum 

output power respectively. Laser devices were placed on the optical fiber using various 

optomechanical equipment to irradiate samples. The tip of the 808-nm diode laser 

optical fiber and the optical plate was kept constant at 12 cm while the distance 

between the optical fiber of the 655-nm diode laser and the optical plate was kept 

constant at 8 cm. From that distance, 808-nm laser light created a circular area of 2.3 

cm in diameter and 4.155 cm2 in the area, and 655-nm laser light created a circular 

area of 1.25 cm in diameter and 4.909 cm2 in the area that can irradiate the 4 wells of 

the 96-well plate. The output power of both 808-nm and 655-nm diode lasers was 

arranged to 0.4 W and applications were performed at that output power. The output 

of both diode lasers was measured and controlled by a digital power meter (Thorlabs, 

Newton, NJ, USA) before performing each experiment. 

Using Equation (2.1) the application of time needed to get a certain energy density was 

calculated, and samples were irradiated with these times.  
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𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝐽/𝑐𝑚2)  =  𝑃𝑜𝑤𝑒𝑟 (𝑊)/𝐴𝑟𝑒𝑎 (𝑐𝑚2) 𝑥 𝑇𝑖𝑚𝑒 

(2.1) 

Energy densities of 1, 3, 5, and 100 J/cm2 of 808-nm laser light were obtained by 

application of 18, 54, 90, and 1226 s. Energy densities of 1, 3, 5, and 50 J/cm2 of 655-

nm laser light were obtained by application of 10, 31, 52, and 900 s.  

2.4 PBM-induced Anticancer PDT Applications 

Two different sets were created. The first set was irradiated with 655-nm diode laser 

light for PBM purposes and experienced PDT with the 808-nm diode laser light after 

different incubation times with ICG. The other set was irradiated with 808-nm diode 

laser light for PBM purposes and experienced PDT with the 655-nm diode laser light 

after different incubation times with Ce6 shown in Figure 2.4. Each set includes seven 

experimental groups with three samples as followed; 

-Control Group: Group that experienced neither PS addition nor light application  

-PS Group: Group that incubated with PS only 

-Laser Group: Group that irradiated with 655-nm light at 50 J/cm2 energy density or 

808-nm light at 100 J/cm2 energy density  

-655-nm PBM Group: Groups that irradiated with 655-nm light at 1, 3, or 5 J/cm2 

energy density  

-808-nm PBM Group:  Groups that irradiated with 808-nm light at 1, 3, or 5 J/cm2 

energy density  

-Only PDT Group: Group that irradiated with PDT laser light after the specific 

incubation time of the PS 

-PBM+PDT Group: Group that experienced pre-treatment of PBM with laser light and 

then irradiated with PDT laser light right after the specific incubation times of PS 

After the PC3 human cancer cells reached 80% confluency and above, 1x10^5 cells 

per well were seeded to a 96-well plate After their seeding, the cells were incubated 
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for 24 h at 370C, and 5% CO2 humidified atmosphere allowing them time to adhere to 

the surfaces of the 96-well plate. Then, the RPMI-1640 cell culture medium of prostate 

cancer cells was removed, different concentrations of PS solutions were added, and 

cells were incubated with PS for different times in only the PDT group at 370C, and a 

5% CO2 humidified atmosphere. After incubation of cells, PS solutions were removed 

and cells were washed once with PBS to get rid of PS present around the cells and get 

only PS entered inside the cells. And, then fresh cell culture medium was added to the 

cells, and cells were irradiated with 655 or 808-nm diode laser light that had 0.4 W 

output powers to the cells for PDT action. In the PBM+PDT group, the cell culture 

medium of the cancer cells was removed after their seeding and a fresh cell culture 

medium was added to the cells. nm the cells right after the PBM application. Different 

concentrations of PS solutions were added immediately and cells were incubated for 

different times at 370C, and 5% CO2 humidified atmosphere. Then, PS solutions were 

removed and cells were washed once with PBS to get rid of PS present around the cells 

and get only PS entered inside the cells done in only the PDT group. And, then fresh 

cell culture medium was added to cells, and cells were irradiated with 655 or 808-nm 

diode laser light that had 0.4 W output powers to the cells for PDT action done in only 

the PDT group. 

Figure 2.4: Illustration for the Experimental Setup (Drawn in BioRender) 
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In the PS group, different concentrations of PS solutions were added after the removal 

of the cell culture medium of PC3 human prostate cancer cells, and the cells were 

incubated at different times at 370C, and 5% CO2 humidified atmosphere. Then, PS 

solutions were removed and cells were washed once with PBS. In the laser, 655-nm 

PBM, 808-nm PBM groups, fresh cell medium was added to cells and 655 or 808-nm 

diode laser light that had 0.4 W output was applied to cells. Lastly, cells were incubated 

with the cell culture medium at 370C, and a 5% CO2 humidified atmosphere to provide 

equal conditions in the control group. After the applications were done for each group, 

necessary analyses were performed.  

2.4.1 655-nm PBM-induced ICG-mediated PDT Applications  

One set of the study used 655-nm diode laser light for the PBM purposes and 808-nm 

diode laser for the PDT with the presence of three different ICG concentrations which 

differ between 25 and 100 µM. The output power of the 655-nm diode laser was 

arranged to 0.4 W and applied to PC3 human prostate cancer cells for 10, 31 and 52 s 

to deliver 1, 3, and 5 J/cm2 energy density respectively. The same output power of the 

655-nm diode laser was arranged to the 808-nm diode laser as 0.4 W.  This set is also 

subdivided into 2 subsets in which the incubation time of PS with the cells differs. The 

cells were incubated with ICG for 1 or 24 h. After the incubation of 25, 50, and 100 

µM ICG with the cells, cells were irradiated with 808-nm diode laser light for 1226 s 

to deliver 100 J/cm2 energy density. The cell viability and cellular uptake of ICG were 

determined after the applications were completed for all control, PS, laser, only PDT, 

and PBM+PDT groups. 

2.4.2 808-nm PBM-induced Ce6-mediated PDT Applications  

The second set of the study involves the 808-nm diode laser light PBM and Ce6-

mediated PDT conducted with 655-nm diode laser light to PC3 human prostate cancer 

cells. The concentrations of Ce6 differ between 2.5 and 25 µM were used in the PDT 

applications. Both outputs of 808 and 655-nm diode laser devices were kept at 0.4 W. 

PBM was performed on the prostate cancer cells with irradiating 808-nm diode laser 

for 18, 54, and 90 s to deliver 1, 3, and 5 J/cm2 energy density respectively. PDT was 

conducted with 2.5, 5, 10, and 25 µM of Ce6 concentrations and 655-nm diode laser 
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light at 50 J/cm2 energy density (reached by applying 900 s). This set includes two 

different incubation times of Ce6 with cells at 2 and 24 h. The cell viability, cellular 

uptake of Ce6, NO release, and MMP change analyses were performed after the 

applications were completed for all control, laser, only PDT, and PBM+PDT groups 

2.5 Cellular Uptake Analysis of Photosensitizers 

Triton X-100 analysis (Sigma Aldrich, St. Louis, MO, USA) is a nonionic surfactant 

causing cells to lyse. By the lysing of cells, intracellular contents are extracted. So, it 

was used to determine the amount of PS that entered the PC3 human prostate cancer 

cells. This analysis was performed to determine whether more PS cells entered the 

PBM-treated cells before the PDT applications. The Triton X-100 application solution 

was prepared which was 30% Triton X-100 and 70% DMSO and absolute ethanol. 

Then this solution was added to PC3 human prostate cancer cells after their specific 

incubation with PS (1 and 24 h for ICG while 2 and 24 h for Ce6). Also, this solution 

was added to the cells after PBM applications (1, 3, and 5 J/cm2 for both wavelengths) 

and following specific incubation with PS. Then, spectrum analysis was conducted 

between 300 and 900 nm of wavelengths with a multi-plate microplate reader 

(Synergy™ HTX Multi-Mode Microplate Reader, BioTek, Winooski, USA). The 

absorbance values at the wavelength that PS absorbance gives peak were correlated to 

conclude that PBM effect on cellular uptake of PS.  

2.6 Cell Viability Analysis 

MTT cell viability assay was used for the determination of cellular viability using 3-

(4, 5- dimethylthiazol-2yl)- 2,5 diphenyl tetrazolium bromide (MTT) (Sigma Aldrich, 

St. Louis, MO, USA). This assay is a colorimetric assay and determines cellular 

viability according to color change. MTT has a yellowish color itself due to tetrazole 

but under metabolic activity, MTT is converted to formazan crystals that have a purple 

color via the succinate dehydrogenase enzyme of the inner mitochondrial membrane 

which takes part in the electron transport chain shown in Figure 2.5. The absorbance 

value of purple formazan crystals was measured spectrophotometrically and gives cell 

viability [71], [72].   
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Figure 2.5: Conversion of MTT to Formazan Crystals [73] 

MTT assay was performed for cell viability of all experimental groups. MTT stock 

solution was prepared at 5 mg/mL concentration in distilled water. This 5 mg/mL MTT 

stock solution was diluted into a 10% MTT solution with a serum-free RPMI-1640 

cell culture medium. After all, experiments were performed, the cell culture medium 

was removed from PC3 human prostate cancer cells and 100 µL 10% MTT solution 

was added to each well of the 96-well plate. Cells were incubated for 2 h at 370C, and 

a 5% CO2 humidified the atmosphere. Then, 10% MTT solution was removed from 

the cells and 100 µL dimethyl sulfoxide (DMSO) (Merck KGaA, Darmstadt, DE) was 

added to wells. After the formazan crystals were dispersed in DMSO, absorbance was 

measured using the multi-plate microplate reader (Synergy™ HTX Multi-Mode 

Microplate Reader, BioTek, Winooski, USA) at 570 nm of wavelength. All steps of 

MTT analysis were performed in the dark to prevent deterioration of MTT.  

2.7 Nitric Oxide Release Analysis 

The amount of NO released after the light applications were measured. It was 

determined after both PBM for two wavelengths and Ce6 mediated-PDT applications 

were completed to obtain the amount of NO caused by PBM itself and PDT. NO is an 

unstable molecule that is oxidized to nitrite form. For the detection of NO indirectly 

through nitrite, a Griess Reagent kit (Biotium, Fremont, CA, USA) was used. Griess 

Reagent kit contains sulfanilic acid and N-(1-naphthyl) ethylenediamine. Sulfanilic 

acid is converted to diazonium salts by nitrite in an acidic environment. Then formed 

salts combined with N-(1-naphthyl) ethylenediamine which is an azo dye that gives 

color shown in Figure 2.6.  
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Figure 2.6: Conversion of Sulfanilic Acid to Azo Dye [74] 

By measuring the absorbance at 548 nm, the amount of NO can be detected 

spectrophotometrically. After the applications, a specific volume of supernatant in the 

cell medium of treated-PC3 human prostate cancer cells was mixed with the same 

volume of the Griess Reagent solution containing 13.4% Griess Reagent and 86.6% 

deionized water and incubated for 30 minutes at dark to prevent the breakdown of the 

dye and losing any signal. After the incubation time, absorbance was measured using 

the multi-plate microplate reader (Synergy™ HTX Multi-Mode Microplate Reader, 

BioTek, Winooski, USA) at 548 nm of wavelength. The amount of nitrite in each 

experimental group was calculated according to the equation gained via the standard 

curve of nitrite solution curve which was plotted at different concentrations of standard 

nitrite solution of the Griess Reagent kit.  

2.8 ATP Production Analysis 

The CellTiter -Glo® 2.0 cell viability assay (Promega Corporation, Madison, WI, 

USA) was used for the detection of produced ATP after PBM applications for both 

wavelengths. The assay is generally used for the count of living cells but it determines 

cell viability through the amount of ATP present in the cells. The oxidative enzyme of 

luciferase interacts with luciferin which is a light-emitting compound and oxidizes the 

luciferin to oxyluciferin in the presence of Mg2+ and ATP. This produced oxyluciferin 

is bioluminescent, so its luminescence measurement can be quantified using this assay 
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shown in Figure 2.7. The amount of ATP present is directly proportional to the 

produced luminescence. So, the detection of luminescence gives the amount of ATP.  

Figure 2.7: Conversion of Luciferin to Oxyluciferin [75] 

After applications were completed, a 96-well plate was incubated at room temperature 

for 30 minutes to equilibrate the content. Then the 100 µL CellTiter -Glo® 2.0 Assay 

was added over the 100 µL PC3 human prostate cancer cells present in the RPMI-1640 

cell culture medium (equal volume 1:1). Then, the 96-well plate experienced orbital 

shake for 2 minutes for cell lysis and got ATP consent into the solution. After the lysis 

of cells, the 96-well plate was incubated at room temperature for 10 minutes to stabilize 

the luminescence signal. The luminescence signal was measured at 490 nm 

wavelength.  

2.9 Intracellular Reactive Oxygen Species Production 

Analysis 

The intracellular produced ROS was determined via intracellular ROS production 

analysis after both PBM applied with two wavelengths and Ce6 mediated-PDT 

applications were completed. For the ROS assay, 2′,7′-Dichlorofluorescein diacetate 

(DCFH-DA) (Sigma Aldrich, St. Louis, MO, USA) which is a lipophilic and non-

fluorescent probe was used. DCFH passes through the cell membrane via passive 

diffusion and deacetylation. The deacylated form is 2′,7′-Dichlorofluorescein (DCFH) 

that can be oxidized to DCF which is a highly fluorescent compound in the presence 

of ROS shown in Figure 2.8. Thus, the measured amount of DCF is directly correlated 

with the amount of produced ROS.  
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Figure 2.8: Conversion of DCFH-DA to DCF [76] 

The stock DCFH-DA solution was prepared at 40 mM in DMSO. Then, this stock 

solution was diluted to 0.1 mM using RPMI-1640 cell culture medium containing 1% 

FBS. The supernatant cell medium was removed 24 h after the seeding of the cells, 

before performing the experimental protocol. 0.1 mM diluted DCFH-DA solution was 

added to PC3 human prostate cancer cells and cells were incubated for 45 minutes at 

370C, and a 5% CO2 humidified the atmosphere in the dark. After the incubation time, 

the DCFH-DA solution was removed and the cells were washed twice with PBS to 

eliminate DCFH-DA that is not entered the cells. Then, the cell culture medium was 

added to the cells and the experimental protocol was applied. After the completion of 

all applications, the fluorescence intensity of DCF was measured at a multi-plate 

reader using 485/20 nm wavelength for excitation and 528/20 nm wavelength for 

emission.  

2.10 Mitochondrial Membrane Potential Change 

Analysis 

The change in the MMP after both PBM applied with two wavelengths and Ce6 

mediated-PDT applications using JC-1 Mitochondrial Membrane Potential assay kit 

(Abcam, Cambridge, UK). This assay contains tetramethylbenzimidazolcarbocyanine 
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iodide (JC-1) cationic dye and this dye tends to accumulate in energized mitochondria. 

Decreased signal of the fluorescent indicates depolarization while an increased signal 

of it indicates hyperpolarization of the mitochondrial membrane. JC-1 is in the 

monomer form at low concentrations due to low MMP and gives green fluorescence 

with 530±15 nm wavelength while it aggregates at high concentrations due to high 

MMP and gives red fluorescence with 590±17.5 nm wavelength. JC-1 stock solution 

was prepared with a concentration to be 1 mM with DMSO. To prepare a working JC-

1 solution, the stock solution was diluted with PBS to obtain 0.01 mM.  The RPMI-

1640 cell culture medium was removed from the PC3 human prostate cancer cells and 

the cells were washed twice with PBS. 100 µL of 0.01 mM JC-1 solution was added 

to each well of the 96-well plate and cells were incubated for 30 minutes at 370C, and 

a 5% CO2 humidified the atmosphere in the dark. After the incubation ended, the JC-

1 solution was removed and the cells were washed once with PBS. Then, the cell 

medium was added to the cells and experimental protocol was applied. After the 

completion of all applications, JC-1 fluorescence was obtained from a multi-plate 

microplate reader (Synergy™ HTX Multi-Mode Microplate Reader, BioTek, 

Winooski, USA) emission at 528/20 nm wavelength gives green fluorescence when 

excited at 485/20 nm wavelength and emission at 600/40 nm wavelength gives red 

fluorescence with excitation at 485/20 nm wavelength.   

2.11 Cell Viability Analysis by Acridine Orange/ 

Propidium Iodide Staining 

The acridine orange/propidium iodide (AO/PI) staining (Logos Biosystems, Anyang, 

Gyeonggi, KR) was used for the imaging of the live and dead cells after the Ce6 

mediate-PDT applications in determined groups. Acridine orange penetrates the 

membranes of living cells and binds to nucleic acids located in the nucleus. After its 

binding to the double strain DNA, acridine orange fluorescence green color. On the 

other hand, propidium iodide cannot pass across the cell membrane of living cells. The 

only way propidium iodide can bind to the nucleic acid is due to penetration through 

the membrane of dead cells or distributed cell membranes. When propidium iodide 

binds to nucleic acids of dead or late apoptotic cells, its fluorescence increases, and 

cells fluoresce red color. Thus, AO/PI makes the visible nucleus of viable cells green 
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fluorescence and the nucleus of dead cells red fluorescence. The RPMI-1640 cell 

culture medium was removed from the PC3 human prostate cancer cells after all 

applications were completed and cells were washed once with PBS. Then, 30 uL of 

AO/PI stain diluted at 1/10 with PBS was added to the cells. The cells and AO/PI stain 

were incubated for 30 minutes at 370C, and a 5% CO2 humidified the atmosphere in 

the dark. After their incubation, images of the cells were taken with fluorescence 

microscopy (Carl Zeiss Microscopy GmbH, Axio Vert.A1, Jena, DE) at 20X 

magnification. Emission at 525 nm wavelength indicates living cells and gives green 

color when excited at 502 nm wavelength while emission at 617 nm wavelength 

indicates dead cells and gives red color when excited at 535 nm wavelength.  

2.12 Statistical Analysis 

Statistical analyses were performed with GraphPad Prism Version 9.4.1 (GraphPad 

Software Inc., La Jolla, CA, USA) to compare experimental groups. The data obtained 

from each analysis itself or their normalized version with respect to the control group 

were analyzed with a one-way analysis of variance (ANOVA). Then, Tukey’s post hoc 

test was used to compare experimental groups with control groups. According to the 

p-value, statistical difference was determined. If the p-value is less than 0.05, it was 

considered statistically significant. 
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Chapter 3 

Results 

3.1 Effect of Laser Light on PC3 Cells 

The metabolic activity of the PC3 human prostate cancer cells was determined with 

the MTT assay to determine the effect of diode laser lights on them (Figure 3.1). The 

cell viability of the experimental groups was compared to the control group. The 

energy densities that were used for the PBM and PDT applications were applied to the 

cells as 1, 3, 5, and 50 J/cm2 for 655-nm diode laser light while 1, 3, 5, and 100 J/cm2 

for 808-nm diode laser light. Both wavelengths of laser light with these energy 

densities did not cause any toxicity to the cells. Even, some energy densities increased 

cell viability.  The maximum increase in cellular viability was observed in the 655-nm 

laser light application at 3 J/cm2 energy density causing approximately 21% compared 

to the control. This was followed by 1 J/cm2 for 808-nm laser light application with an 

approximately 16% increase. Both 655 and 808-nm laser light showed biostimulation 

effects on the cancer cells at different energy densities but increases are not statistically 

different except PBM application with 3 J/cm2 energy density at 655-nm of wavelength 

which was significantly different compared to the PBM application with 1 J/cm2 

energy density at 655-nm of wavelength.  
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Figure 3.1: Cell viability analysis after laser irradiation. Each bar represented the 

average of the normalized with respect to the control group. Differences that were 

statistically significant were represented as * and ** (p <0.05, * indicates significant 

differences compared to the control and ** indicates significant differences 

compared to the experimental groups) 

3.2 Cytotoxicity of Photosensitizers on PC3 Cells 

To determine the cytotoxicity of the ICG and Ce6 at concentrations that were used for 

the PDT application, the effects of both PSs, ICG, and Ce6, on the PC3 human prostate 

cancer cells were checked in the dark with an MTT assay. 25, 50, and 100 µM of ICG 

concentrations did not cause toxic effects on the cells after 1 h incubation which can 

be seen in Figure 3.2. Even, it can be said that all three concentration incubations 

within an hour increased the cell viability. But the same concentrations with 24 h 

incubations caused slight decreases which were not statistically significant. The 

maximum change in the cell viability which was approximately 19% decrease was 

reached with 50 µM ICG. However, it is not statistically different.  
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Figure 3.2: Cell viability analysis of 25, 50, and 100 µM of ICG concentrations after 

1 and 24 h incubation time. Each bar represented the average of the normalized with 

respect to the control group.  

The cytotoxicity results of Ce6 can be observed in Figure 3.3 for 2 and 24 h incubation 

times. Four different concentrations of Ce6 (2.5, 5, 10, and 25 µM) also did not show 

any toxicity to PC3 cells after their 2 and 24 h incubations. A slight decrease which is 

not statistically significant was observed in incubation with 25 µM which was 

approximately 17%.  

Figure 3.3: Cell viability analysis of 2.5, 5, 10, and 25 µM of Ce6 concentrations 

after 2 and 24 h incubation time. Each bar represented the average of the normalized 

with respect to the control group.  
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3.3 Cellular Uptake of Photosensitizers by PC3 Cells 

Cellular uptake of both PSs, ICG, and Ce6, was analyzed using a Triton X-100 assay 

to observe the PBM effect on cellular uptake by PC3 human prostate cancer cells.  The 

absorbance values at the PSs which gave maximum absorbance were correlated. The 

cellular uptake of the cells and pre-treated cells with PBM were compared to each 

other to determine the PBM effect on cellular uptake. All energy densities of 655-nm 

PBM application before the ICG incubation with 1 h of incubation except one group 

showed decreased cellular uptake for all concentrations of ICG which are 25, 50, and 

100 µM. However, 655-nm PBM application at 3 J/cm2 increased cellular uptake of 

50 µM ICG by 57.7% compared to the non-treated cells which was statistically 

different (Figure 3.4).  

The cellular uptake of 25 µM concentration of ICG after the 655-nm PBM at all energy 

densities (1, 3, and 5 J/cm2) was increased after 24 h of incubation. The maximum 

cellular uptake for this concentration was achieved by 3 J/cm2 PBM with a 48.48% 

increase but it was not statistically different. The cellular uptake of 50 µM ICG was 

only increased by 655-nm PBM application at 5 J/cm2 energy density. On the other 

hand, the cellular uptake of 100 µM ICG was decreased by the 655-nm PBM 

application at all energy densities (Figure 3.4).  
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Figure 3.4: Cellular uptake analysis of 25, 50, and 100 µM of ICG concentrations 

after PBM applications. a) cellular uptake analysis after 1 and b) 24 h of incubation 

time. Each bar represented the average of the normalized with respect to the control 

group. Differences that were statistically significant were represented as * and ** (p 

<0.05, * indicates significant differences compared to the control and ** indicates 

significant differences compared to the experimental groups) 

When the cellular uptake of Ce6 by PC3 cells was investigated, it was obvious that the 

applications of 808-nm PBM at 1, 3, and 5 J/cm2 energy densities increased the cellular 

uptake of all Ce6 concentrations which were 5, 10, and 25 µM after the 2 h incubation. 

The maximum cellular uptake was achieved with the application of 808-nm PBM at 1 

J/cm2 energy density increasing by 42.89%. The cellular uptakes of 2.5, 5, 10, and 25 

µM of Ce6 were also determined after their 24 h incubation with cells. 808-nm PBM 
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at 1 J/cm2 energy density increased cellular uptakes of 2.5, 5, and 10 µM with rates of 

5.78, 13.02, and 4.98% respectively. Except in one concentration of 10 µM Ce6, 808-

nm PBM at 3 J/cm2 energy density resulted in decreased cellular uptakes. In the same 

manner as the 3 J/cm2 energy density, 808-nm PBM applied with 5 J/cm2 decreased 

the cellular uptake of Ce6 except for 5 µM of Ce6 concentration. Overall 808-nm PBM 

at 1 J/cm2 energy density increased the cellular uptake of Ce6 with 2 and 24 h 

incubation times (Figure 3.5). 

 

Figure 3.5: Cellular uptake analysis of 2.5, 5, 10, and 25 µM of Ce6 concentrations 

after PBM applications. a) cellular uptake analysis after 2 and b) 24 h of incubation 

time. Each bar represented the average of the normalized with respect to the control 

group. Differences that were statistically significant were represented as * and ** (p 

<0.05, * indicates significant differences compared to the control and ** indicates 

significant differences compared to the experimental groups) 



46 

 

3.4 Phototoxicity of PBM-induced PDT on PC3 Cells 

After the completion of the incubations of ICG and Ce6 with PC3 human prostate 

cancer cells, the cells were irradiated with diode laser lights to induce photodynamic 

action for cancer cell death in only PDT groups.  The ICG-mediated PDT was 

conducted with an 808-nm diode laser at 100 J/cm2 energy density while Ce6-mediated 

PDT was conducted with a 655-nm diode laser at 50 J/cm2 energy density. In 

PBM+PDT groups, the ICG mediated-PDT was applied with the same parameters used 

in only PDT groups after the application of 1, 3, and 5 J/cm2 655-nm PBM followed 

by incubation of ICG for 1 or 24 h and while Ce6 mediated-PDT was applied with the 

same parameters used in only PDT groups after the application of 1, 3 and 5 J/cm2 

808-nm PBM followed by incubation of Ce6 for 2 or 24 h. 

ICG-mediated PDT conducted with 25, 50, and 100 µM ICG decreased PC3 cell 

viability by 3.87, 12.78, and 49.54% respectively after the 1 h incubation shown in 

Figure 3.6. The cell deaths obtained by 1 J/cm2 PBM+PDT groups were 25.65, 26.01, 

and 39.5% with 25, 50, and 100 µM ICG respectively. Except for two groups, pre-

treatment with PBM diminished the cell death obtained by PDT and resulted in an 

increase in the cell viability of PC3 cells compared to the only PDT groups. PBM 

treatment before PDT increased the cell viability up to 60.44% cell viability with 100 

µM ICG at 1 J/cm2 energy density. 111.24, 93.65, and 60.21% rates in cell viability 

were observed with 25, 50, and 100 µM ICG respectively for 3 J/cm2 energy density. 

102.99, 95 and 79.87 % rates in cell viability were observed with 25, 50, and 100 µM 

ICG respectively for 5 J/cm2 energy density. In PBM+PDT groups with 655-nm PBM 

at 1 J/cm2 energy density and with 25 and 50 µM of ICG concentrations additionally 

increased cell death with rates of 21.78 and 13.23 % respectively obtained from only 

PDT groups. The maximum cell death of 49.54% was obtained in the only PDT group 

that was conducted after 1 h incubation of 100 µM ICG concentration with 808-nm 

diode laser light at 100 J/cm2 energy density. In addition, a maximum cell death 

increase of 21.78% was achieved after 655-nm diode laser PBM at 1 J/cm2 energy 

density and 1 h incubation of 25 µM ICG concentration with 808-nm diode laser PDT 

at 100 J/cm2 energy density. 
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Figure 3.6: Cell Viability analysis after ICG-mediated PDT applications at 100 J/cm2 

energy density after a) 1 and b) 24 h incubation. Photosensitizer concentrations: 25, 

50, and 100 µM of ICG.  Each bar represented the average of the normalized with 

respect to the control group.  Differences that were statistically significant were 

represented as * and ** (p <0.05, * indicates significant differences compared to the 

control and ** indicates significant differences compared to the experimental groups) 

ICG-mediated PDT that was conducted after 24 h incubation of the same 

concentrations of ICG (25, 50, and 100 µM ICG) decreased the cell viability to 39.61, 

41.48, and 50.15% respectively to the concentrations Figure 3.6. PBM applications at 

1 and 5 J/cm2 energy density before the PDT clear of the photodynamic action 

increasing the cell viability to 68.19, 68.82, and 50.78 % with 25, 50, and 100 µM ICG 

respectively for 1 J/cm2 energy density, and 65.58, 71.39 and 51.60% with 25, 50 and 

100 µM ICG respectively for 5 J/cm2 energy density. More cell deaths were obtained 
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by 3 J/cm2 PBM+PDT groups with rates of 46.24, 49.07, and 54.15% with 25, 50, and 

100 µM concentrations of ICG respectively. In PBM+PDT groups with 655-nm PBM 

at 3 J/cm2 energy density with 25, 50, and 100 µM of ICG concentrations additionally 

increased cell death with rates of 6.63, 7.59, and 4% respectively obtained from only 

PDT groups. The maximum cell death of 54.15% was obtained in the PBM-PDT group 

that was conducted after 655-nm diode laser PBM at 3 J/cm2 energy density and 24 h 

incubation of 100 µM ICG concentration with 808-nm diode laser light at 100 J/cm2 

energy density.  In addition, a maximum cell death increase of 7.59% was achieved 

after 655-nm diode laser PBM at 3 J/cm2 energy density and 24 h incubation of 50 µM 

ICG concentration with 808-nm diode laser PDT at 100 J/cm2 energy density. 

The other set of this study includes Ce6-mediated PDT. Ce6-mediated PDT decreased 

cell viability by 16.74, 25.91, and 58.8 % with 5, 10, and 25 µM of Ce6 respectively 

after the 2 h incubation shown in Figure 3.7. In PBM+PDT groups, more PC3 cell 

deaths were observed except in one group who has first experienced 808-nm PBM at 

1 J/cm2 energy density, and then PDT was applied after 5 µM concentration of Ce6 

increasing cell viability to 87.44%. The prior application of 808-nm PBM at 1 J/cm2 

density resulted in an additional 31,45 and 26.15% cell death compared to the PDT 

groups with 10 and 25 µM concentrations of Ce6 respectively. 3 J/cm2 energy density 

resulted in an additional 1.42, 5.79, and 36.77% cell death while 5 J/cm2 energy density 

resulted in an additional 32.77, 44.88, and 27.25% cell death compared to the PDT 

groups with 5, 10, and 25 µM concentrations of Ce6 respectively. The maximum cell 

death of 95.57% was obtained in the PBM-PDT group that was conducted after 808-

nm diode laser PBM at 3 J/cm2 energy density and 2 h incubation of 25 µM Ce6 

concentration with 655-nm diode laser light at 50 J/cm2 energy density. Moreover, a 

maximum cell death increase of 44.88% was achieved after 808-nm diode laser PBM 

at 5 J/cm2 energy density and 2 h incubation of 10 µM Ce6 concentration with 655-

nm diode laser PDT at 50 J/cm2 energy density. 
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Figure 3.7: Cell Viability analysis after Ce6-mediated PDT applications at 50 J/cm2 

after a) 2 and b) 24 h incubation. Photosensitizer concentrations: 2.5, 5, 10, and 25 

µM of Ce6. Each bar represented the average of the normalized with respect to the 

control group.  Differences that were statistically significant were represented as * 

and ** (p <0.05, * indicates significant differences compared to the control and ** 

indicates significant differences compared to the experimental groups) 

Ce6-mediated PDT decreased cell viability by 24, 53.63, 88.62, and 94.55% with 2.5, 

5, 10, and 25 µM of Ce6 respectively after the 24 h incubation shown in Figure 3.7. 

More cell death was obtained in all PBM+PDT groups except at 25 µM concentration 

of Ce6. 1 and 3 J/cm2 energy densities of 808-nm PBM caused a slight increase in the 

cell viability while 5 J/cm2 energy density slightly decreased the cell viability 

compared to the only PDT group (PDT conducted with 25 µM of Ce6 and 50 J/cm2 

655-nm laser light).  
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Table 3.1: Cell Death (%) in Only PDT and PBM+PDT Groups after 2 h of Ce6 

Incubation 

Cell Death (%) 

Ce6 Concentrations 

(µM) 
Only PDT 

1 J/cm2 

PBM+PDT 

3 J/cm2 

PBM+PDT 

5 J/cm2 

PBM+PDT 

5 16.74±12.5 12.56±8.6 18.16±7.5 49.51±9.1 

10 25.91±9.8 57.36±17.3 31.70±9.6 70.79±7.8 

25 58.79±15.5 84.95±7.2 95.57±1.9 86.05±4.5 

 

Table 3.2: Cell Death (%) in Only PDT and PBM+PDT Groups after 24 h of Ce6 

Incubation 

Cell Death (%) 

Ce6 Concentrations 

(µM) 
Only PDT 

1 J/cm2 

PBM+PDT 

3 J/cm2 

PBM+PDT 

5 J/cm2 

PBM+PDT 

2.5 24.00±4.2 36.72±6.5 50.41±10.1 87.44±7.6 

5 53.63±19.9 74.01±4.1 88.91±0.9 93.14±2.1 

10 88.62±5.5 92.37±0.9 92.68±0.4 94.94±1.5 

25 94.55±1.9 91.77±0.9 92.16±2.8 95.12±1.5 

 

808-nm PBM application at 1, 3 and 5 J/cm2 energy densities before the PDT 

conducted with 2.5 µM of Ce6 resulted in 12.72, 26.41, and 63.44% additional cell 

death respectively compared to only the PDT group. The 1, 3, and 5 J/cm2 energy 

densities of 808-nm of PBM increased the cell death obtained in the only PDT group 

conducted with 5 µM of Ce6 20.38, 35.28, and 39.51% respectively. The increase in 

cell death was less in PBM+PDT groups with 10 µM of Ce6 which were 3.75, 4.06, 

and 6.32% for 808-nm PBM at 1, 3, and 5 J/cm2 energy densities respectively.  The 

maximum cell death of 95.12% was obtained in the PBM-PDT group that was 

conducted after 808-nm diode laser PBM at 5 J/cm2 energy density and 24 h incubation 

of 25 µM Ce6 concentration with 655-nm diode laser light at 50 J/cm2 energy density. 

Moreover, a maximum cell death increase of 63.44% was achieved after 808-nm diode 
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laser PBM at 5 J/cm2 energy density and 24 h incubation of 2.5 µM Ce6 concentration 

with 655-nm diode laser PDT at 50 J/cm2 energy density. 

3.5 Nitric Oxide Release in PC3 Cells after PBM and 

PDT Applications 

As shown in Figure 3.8 and Figure 3.9 the amount of NO released after the 655-nm 

and 808-nm PBM at 1, 3, and 5 J/cm2 energy densities were measured using the Griess 

Reagent kit. After the 655-nm diode laser light application for PBM purposes at 1, 3, 

and 5 J/cm2 energy densities, the amount of NO released increased right after the light 

applications by 33.7, 3.3, and 2.5 times respectively compared to the control group. 

However, the released amount of NO was increased compared to the control group 

after 24 h in 655-nm PBM at 1 and 3 J/cm2 energy densities. The amount of released 

NO by 655-nm PBM applications at 1 and 3 J/cm2 increased with a rate of 1.4 and 1.6-

fold respectively compared to the control group while 5 J/cm2 655-nm PBM did not 

change the amount of NO released slightly with a rate of 0.9 fold compared to the 

control group after 24 h.  The maximum increase of 1.6-fold in the amount of released 

NO was obtained with 655-nm PBM at 3 J/cm2 energy density after 24 h application 

of it.  

After the 808-nm diode laser light application for PBM purposes at 3 and 5 J/cm2 

energy densities, the amount of photodissociated NO increased right after the light 

applications by 1.1, and 1.6 times respectively compared to the control group. 808-nm 

PBM at 1 J/cm2 energy density did not change the amount of NO dissociated. The 

amounts of NO released by the 808-nm PBM at 1, 3, and 5 J/cm2 energy densities were 

decreased compared to the control group with a rate of 0.9, 0.8, and 0.8 fold after the 

24 h respectively which were not statistically significant.  
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Figure 3.8: Nitrite amounts after 655-nm PBM at 1, 3, and 5 J/cm2 energy densities. 

Measurements were taken a) 0 and b) 24 h after the 655-nm PBM applications. Each 

bar represented the average of the normalized with respect to the control group. 

Differences that were statistically significant were represented as * (p <0.05, * 

indicates significant differences compared to the control group) 

 

Figure 3.9: Nitrite amounts after 808-nm PBM at 1, 3, and 5 J/cm2 energy densities. 

Measurements were taken a) 0 and b) 24 h after the 808-nm PBM applications. Each 

bar represented the average of the normalized with respect to the control group.  

Also, NO released after the Ce6-mediated PDT for both 2 and 24 h incubation times 

were checked shown in Figure 3.10. After 2 h incubation of Ce6 with PC3 cells, PDT 

at 50 J/cm2 energy density was applied to the cells, and amounts of NO were 0.3, 1.5, 

and 1.7 folds for 5, 10, and 25 µM of Ce6 respectively in only PDT groups. But 

generally, pre-treatment with 808-nm PBM resulted in increased NO after the Ce6-

mediated PDT compared to the obtained amount in only the PDT group. Among the 
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energy densities of 808-nm PBM, 5 J/cm2 energy density resulted in less increase than 

the other 1 and 3 J/cm2 energy densities. The maximum increase of 2.1-fold was 

obtained 25 µM Ce6-mediated PDT group with cells pre-treated with 808-nm PBM at 

1 J/cm2 energy density compared to the control. In addition, a maximum increase of 

1.2-fold was obtained 5 µM Ce6-mediated PDT group which cells were pre-treated 

with 808-nm PBM at 3 J/cm2 energy density compared to the only PDT group.  

 

After 24 h incubation of Ce6 with PC3 cells PDT at 50 J/cm2 energy density was 

applied to the cells, and amounts of NO were 0.8, 1, 1.3, and 1.2 folds for 2.5, 5, 10, 

and 25 µM of Ce6 respectively in only PDT groups. In pre-treated cells with 808-PBM 

at 1 J/cm2 energy density increased the 1.3 and 1.5 folds of NO obtained after the Ce6-

mediated PDT at 2.5 µM and 10 µM respectively while 3 J/cm2 PBM increased the 

1.3 fold the amounts of NO obtained after Ce6-mediated PDT at 25 µM of Ce6. The 

maximum increase of 0.54-fold difference was obtained 2.5 µM Ce6-mediated PDT 

group which cells pre-treated with 808-nm PBM at 1 J/cm2 energy density compared 

to the only PDT group. 
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Figure 3.10: Nitrite amounts after Ce6-mediated PDT applications at 50 J/cm2 energy 

density after a) 2 and b) 24 h incubation. Photosensitizer concentrations: 2.5, 5, 10, 

and 25 µM of Ce6. Each bar represented the average of the normalized with respect 

to the control group. Differences that were statistically significant were represented 

as * and ** (p <0.05, * indicates significant differences compared to the control and 

** indicates significant differences compared to the experimental groups) 

3.6 ATP Production in PC3 Cells after PBM 

Applications 

After the application of PBM with 655 and 808-nm diode laser light at 1, 3, and 5 

J/cm2 energy densities on the PC3 human prostate cancer cells, the amount of produced 

ATP was determined for both wavelengths via the CellTiter -Glo® 2.0 assay. The 
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amount of ATP after the PBM results can be seen in Figure 3.11. PBM that was applied 

to the cells with 655-nm diode laser light generally did not change the produced ATP 

amount compared to the control groups at all energy densities. 1 J/cm2 energy density 

of 655-nm laser light caused a slight decrease in the produced amount of ATP but it 

was not statistically different. Also, PBM that was conducted with 808-nm diode laser 

light at all energy densities increased the ATP production in the cells. 1 and 3 J/cm2 

energy densities increased the production of ATP compared to the control group with 

the rate of 5.1 and 7.4% respectively. The maximum increase of 27.6 % was reached 

with the 808-PBM at 5 J/cm2 energy density.   

 

Figure 3.11: ATP amounts after 655 and 808-nm PBM applications at 1, 3, and 5 

J/cm2 energy densities.  Each bar represented the average of the normalized with 

respect to the control group. Differences that were statistically significant were 

represented as * and ** (p <0.05, * indicates significant differences compared to the 

control and ** indicates significant differences compared to the experimental groups) 

3.7 Intracellular Reactive Oxygen Species Production 

in PC3 Cells after PBM and PDT Applications 

DCFH-DA probe was used for the detection of the amount of intracellular ROS that 

was generated in PC3 human prostate cancer cells after both PBM at 655 and 808-nm 
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wavelengths and Ce6-mediated PDT applications shown in Figure 3.12 and Figure 

3.13. The produced intracellular ROS was determined right after the 655 and 808-nm 

PBM applications at 1, 3, and 5 J/cm2 energy densities, and it was also determined 

right after the Ce6-mediated PDT applied after the incubation times of 2 and 24 h. 

ROS production was increased after the PBM applications conducted with both 

wavelengths at all energy densities compared to the control group. But the maximum 

intracellular amount of ROS was reached with both PBM conducted with the same 

wavelengths at 1 J/cm2 energy density. The maximum intracellular ROS amount of 

112.99% was reached with the 1 J/cm2 energy density of 655-nm PBM application 

while 655-nm PBM at 3 and 5 J/cm2 energy densities increased the amount of ROS to 

the same rate which was approximately 109%. The 808-nm PBM at 1 J/cm2, which is 

the maximum amount of intracellular ROS in all energy densities of 808-nm PBM, 

increased the ROS level by 8.94% compared to the control. The amounts of 

intracellular ROS were 100.83 and 103.46% after the 808-nm PBM at 3 and 5 J/cm2 

energy densities and these results can be observed in Figure 3.12. 

 

Figure 3.12: Reactive oxygen species formation after a) 655-nm and b) 808-nm PBM 

at 1, 3, and 5 J/cm2 energy densities. Each bar represented the average of the 

normalized with respect to the control group. Differences that were statistically 

significant were represented as * (p <0.05, * indicates significant differences 

compared to the control group) 

The amount of intracellular ROS after the Ce6-mediated PDT was also determined 

after 2 or 24 h of Ce6 incubations. After the Ce6-mediated PDT was conducted after 
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2 h of incubation, all groups expressed an increased amount of ROS compared to the 

control group. 50 J/cm2 PDT application resulted in increases of 14.21, 13.16, and 

20.53% for the 5, 10, and 25 µM of Ce6 in a concentration-dependent manner. But 

amounts of ROS produced after the 50 J/cm2 PDT were higher in PC3 cells pre-treated 

with different energy densities of 808-nm PBM. 808-nm PBM at 5 J/cm2 energy 

density resulted in an additional 26.11% ROS that was obtained in Ce6-mediated PDT 

conducted with 5 µM concentration while 1 J/cm2 energy density resulted in an 

additional 16.63 and 20.43% ROS that was obtained in Ce6-mediated PDT conducted 

with 10 and 25 µM concentrations respectively. The same manner was also obtained 

in Ce6-mediated PDT after 24h of incubation time. 50 J/cm2 PDT increased the ROS 

amount by 1.37, 9.09, 23.23, and 17.17% at 2.5, 5, 10, and 25 µM respectively 

compared to the control group. Generally, pre-treatment of cells with 808-nm PBM 

before the Ce6-mediated PDT increased the produced amount of ROS obtained in only 

PDT groups. 1 J/cm2 808-nm PBM created 5.69% additional ROS at 10 µM of Ce6 

while 5 J/cm2 808-nm PBM created 9.13, 6.58, and 13.71% at 2.5, 5, and 25 µM of 

Ce6 respectively. Overall, it can be said that pre-treatment of PC3 cells with 808-nm 

PBM increased the produced amounts of ROS measured after the Ce6-mediated PDT. 



58 

 

 

Figure 3.13: Reactive oxygen species formation after Ce6-mediated PDT 

applications at 50 J/cm2 energy density after a) 2 and b) 24 h incubation. 

Photosensitizer concentrations: 2.5, 5, 10, and 25 µM of Ce6. Each bar represented 

the average of the normalized with respect to the control group. Differences that 

were statistically significant were represented as * (p <0.05, * indicates significant 

differences compared to the control group) 

3.8 Change of Mitochondrial Membrane Potential in 

PC3 Cells after PBM and PDT Applications 

To determine the MMP change in the PC3 human prostate cancer cells after both PBM 

and Ce6-mediated PDT applications, JC-1 dye was used. The MMP change was 

determined right after and 24 h after both 655 and 808-nm PBM applications at 1, 3, 

and 5 J/cm2 energy densities while it was also determined right after the Ce6-mediated 
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PDT after both incubation times which were 2 and 24 h shown in Figure 3.14, Figure 

3.15, and Figure 3.16. The MMP increased right after the application of 655-nm PBM 

at all energy densities. MMP increased with the application of 655-nm PBM at 1, 3, 

and 5 J/cm2 energy densities with 1.82, 6.17, and 3.13% respectively. After 24 h of the 

application of 655-nm PBM, the MMP increase reached 105.65, 111.15, and 102.39% 

for 1, 3, and 5 J/cm2 energy densities respectively. The maximum increase right after 

and after the 24 h of PBM application among all energy densities was reached with the 

application of 655-nm PBM at 3 J/cm2 energy density. Surprisingly, MMP decreased 

compared to the control group right after the 808-nm PBM at 1, 3, and 5 J/cm2 energy 

densities to 70.23, 66.58, and 65.76% respectively. After 24 h of the 808-nm PBM 

application, MMP increased compared to the control group. Increases of 4.97 and 

8.64% in MMP were obtained with 1 and 5 J/cm2 energy densities while the maximum 

increase of 14.56% was obtained with 3 J/cm2 energy densities of 808-nm PBM.  

 

Figure 3.14: Mitochondrial membrane potential change after 655-nm PBM 

applications at 1, 3, and 5 J/cm2 energy densities. Measurements were taken 0 and 24 

h after the PBM applications. Each bar represented the average of the normalized 

with respect to the control group. 
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Figure 3.15: Mitochondrial membrane potential change after 808-nm PBM 

applications at 1, 3, and 5 J/cm2 energy densities. Measurements were taken 0 and 24 

h after the PBM applications. Each bar represented the average of the normalized 

with respect to the control group. 

The MMP generally decreased after the Ce6-mediated PDT at 50 J/cm2 energy density 

application conducted after 2 h incubation of PS in both only PDT groups and 

PBM+PDT groups compared to the control group. Only the Ce6-mediated PDT 

conducted with 5 µM of Ce6 showed elevated MMP compared to the control but it 

was not statistically different. Also, the MMP of PBM+PDT groups generally 

decreased more than the only PDT groups. The maximum MMP decreases were 

achieved by PBM+PDT groups that 808-nm PBM conducted at an energy density of 

5 J/cm2 compared to other energy densities at the same concentration of Ce6 and they 

decreased to 76.21, 40.41, and 33.96% for 5, 10 and 25 µM of Ce6 respectively. 



61 

 

 

Figure 3.16: Mitochondrial membrane potential change after Ce6-mediated PDT 

applications at 50 J/cm2 energy density after a) 2 and b) 24 h incubation. 

Photosensitizer concentrations: 2.5, 5, 10, and 25 µM of Ce6. Each bar represented 

the average of the normalized with respect to the control group. Differences that 

were statistically significant were represented as * and ** (p <0.05, * indicates 

significant differences compared to the control and ** indicates significant 

differences compared to the experimental groups) 

The MMP increased or did not change in both only PDT and PBM+PDT groups after 

the Ce6-mediated PDT at the same 50 J/cm2 energy density application conducted after 

the 24 h incubation of 2.5 and 5 µM concentrations of Ce6. Especially the application 

of 1 J/cm2 energy density of 808-nm PBM before Ce6-mediated PDT in 2.5 and 5 µM 

of Ce6 decreased MMP by approximately 10 and 20% respectively. However, MMP 

decreased compared to the control group in only PDT and PBM+PDT groups in other 
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concentrations. In addition, obtained MMP decreases were more in PBM+PDT groups 

of 10, and 25 µM Ce6 concentrations compared to the only PDT groups. Maximum 

decreases of 34.16 and 45.78% were observed compared to the control group in 

PBM+PDT groups where 808-nm PBM was conducted at 5 J/cm2 energy density.  

3.9 Acridine Orange/Propidium Iodide Staining after 

PDT Applications 

The results of the AO/PI staining were performed in determined groups according to 

the maximum cell death change between only PDT and PBM+PDT groups. Green cells 

represent the living cells that were stained by AO and red cells represent the dead cells 

that were stained by PI. For the 2 h incubation of Ce6, the 10 µM concentration was 

determined. So, AO/PI staining was performed on only the PDT group after 50 J/cm2 

655-nm laser light application, and the PBM+PDT group that PC3 cells pre-treated 

with 808-nm laser light at 5 J/cm2 energy density and then PDT were applied at the 

same energy density. For the 24 h incubation of Ce6, the 2.5 µM concentration was 

determined. Regarding this, AO/PI staining was performed on only the PDT group 

after 655-nm laser light application at 50 J/cm2 energy density, and the PBM+PDT 

group that PC3 cells pre-treated with 808-nm laser light at 5 J/cm2 energy density and 

then PDT was applied at the same energy density. The images of the control, only PDT 

and PBM+PDT groups can be seen in Figure 3.17. In these images, dead/red cells are 

more intense in PBM+PDT groups at both Ce6 concentrations while more living/green 

cells are more prominent in control and only PDT groups. Also, the results of AO/PI 

results were compatible with the cellular viability analysis results. It is clear that pre-

treatment PC3 cells with 808-nm PBM at 5 J/cm2 energy density increased the cellular 

death obtained by only PDT. According to cellular viability analysis results pre-

treatment of the cells with 808-nm PBM at 5 J/cm2 energy density resulted in 

additional 44.88 and 63.44% cell deaths were obtained after 2 h incubation of 10 µM 

of Ce6 and 24 h incubation of 2.5 µM of Ce6 respectively compared to the only PDT. 

It is obvious that more dead/red cells were visible in the PBM+PDT groups and these 

results can be seen in the images. Overall, it can be said that AO/PI staining results 

showing living and dead cells were compatible with the other cellular viability 

analysis.  
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Figure 3.17: Acridine Orange/Propidium Iodide images of PC3 cells with 20X 

magnification in control, only PDT, and PBM+PDT groups. Ce6-mediated PDT was 

applied at 50 J/cm2 energy density and 808-nm PBM was applied at 5 J/cm2 energy 

density before the PDT.  (scale bar: 50 µm, living cells were stained by acridine 

orange, in green and dead cells were stained by propidium iodide, in red) 

 

  



64 

 

 

 

Chapter 4 

Discussion  

It is quite clear that cancer is a global concern affecting many people the world over. 

Each year new cases are added to the cancer patients list increasing the demand for the 

therapy. Especially, the cancer types affecting men, prostate cancer has quite big 

importance having second prevalence coming after lung cancer. It is estimated that 

about one man in eight will be diagnosed with this cancer type anytime in their lifetime 

according to the American Cancer Society [13]. Thus, it is pivotal to diagnose cancer 

with its stages, create new anticancer treatment modalities, enhance the existing 

anticancer treatment modalities, and get synergistic effects by combining existing 

anticancer treatment modalities. At that point, the treatment of cancers especially ones 

that develop resistance against chemotherapy and radiotherapy via novel treatment 

modalities such as PDT has advantages over the conventional ones enabling selective 

and effective cancer elimination. Of course, as with other anticancer treatments, some 

limits and factors inhibit or reduce the efficacy of photodynamic therapy. Researchers 

tried to solve these limits and drawbacks by combining PDT with different kinds of 

anticancer treatment modalities [45]–[52].  

For that purpose, in this thesis, PDT is combined with PBM. Normally, the use of PBM 

is not for anticancer purposes, it is for positive outcomes we want to see in healthy 

cells such as increased proliferation, improved healing, prevented cell death, and 

promoted repaired mechanisms [77]. In this study, the drawbacks of PDT were tried 

to be solved and the efficacy of this anticancer treatment was tried to be increased by 

the application strategy of PBM to the human prostate cancer cells. It is hypothesized 

with this study that PBM application before the PDT releases the NO from its binding 
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site in the mitochondria, changing MMP and resulting in increased ATP and ROS 

production. Due to these changes, it was hypothesized that cellular uptake of 

therapeutic agents is increased which is a highly energy-dependent mechanism, and 

then turns into cancer cell death. For that aim, first PC3 cells were pre-treated with 

655-nm diode laser light at 1, 3, or 5 J/cm2 energy densities before they incubated for 

1 or 24 h with different concentrations of ICG (25, 50, and 100 µM), and then they 

were irradiated with 808-nm diode laser light at 100 J/cm2 energy density. After 

performing 655-nm PBM on PC3 cells, MMP and ATP production were not 

significantly changed too much from the control group that was measured right after 

the applications. However, the amount of NO released was increased for all energy 

densities but the maximum release of NO that was measured right after the light 

application was observed in 1 J/cm2 energy density while changes in the amount of the 

NO were not different at other energy densities than the control. Also, the amount of 

ROS that was measured right after the 655-nm PBM applications increased at all 

energy densities. Although MMP and production of ATP were not increased, increased 

cell deaths in PC3 cells that were pre-treated with 655-nm at 1 J/cm2 energy density 

that maximum amount of NO was released and then exposed to PDT at 100 J/cm2 

energy density after 1 h incubation of 25 and 50 µM ICG compared to the cell death 

obtained from only PDT. In addition, the cellular viability after the ICG-mediated PDT 

did not show any correlation with the cellular uptake of the PS. Interestingly cellular 

uptake of ICG was not increased according to the released amount of NO after 655-

nm PBM. The cellular uptakes of ICG by PC3 cells were decreased when they were 

pre-treated with 655-nm PBM at 1 J/cm2 energy density which is the parameter that 

more released amount of NO and more cell death was observed. When the 808-nm 

PDT was conducted at the same energy density, 100 J/cm2, after 24 h of incubation of 

ICG was examined. The correlate cannot be established with the cellular uptakes of 

ICG especially 50 and 100 µM concentrations. The only concentration of 25 µM of 

ICG that its PDT results match. Pre-treatment of PC3 cells with 655-nm PBM at all 

energy densities increased the cellular uptake of 25 µM of ICG after 24 h incubation 

but especially PBM at 3 J/cm2 energy density showed maximum increased cellular 

uptake and also showed increased cellular death due to PDT compared to the cells did 

not pre-treated with PBM. Also, the maximum released NO amounts and maximum 

changes in the MMP were observed at the 3 J/cm2 energy density of 655-nm PBM 24 
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h after the PBM application. From these results, it can be stated that NO released has 

an impact on the PC3 cells that can result in increased cell death but this increased cell 

death is not due to the cellular uptake of the PS itself. Probably, the chemical structure 

of the ICG resulted in decreased cellular uptake by the PC3 cells. Although the cell 

membrane permeability increased with the PBM application at 655-nm wavelength, it 

may have caused serious problems in anionic PS uptake since cells become more 

negatively charged with the passage of ICG into the cells [78]. Because significant 

increases in cell deaths were not achieved compared to the only PDT groups with the 

655-nm PBM at 1, 3, and 5 J/cm2 energy densities followed by ICG-mediated PDT at 

100 J/cm2 energy density, another experimental set was created and performed using 

the Ce6 and 808-nm PBM.  

Pre-treatment of PC3 cells with 808-nm PBM at 1, 3 and 5 J/cm2 energy densities 

increased the released amount of NO, produced amount of ATP, and produced amount 

of ROS slightly. However, it decreased the MMP compared to the control group right 

after the PBM application, but interestingly 24 h after the 808-nm PBM application at 

all energy densities MMP recovered to values of the control group. The maximum 

amounts of NO released and ATP were observed after the 808-nm PBM at 5 J/cm2 

energy density was applied while the amount of ROS was not increased significantly. 

Also, the cellular uptakes of Ce6 were increased after the 2 h incubation with PC3 cells 

which were pre-treated with 808-nm laser diode light at all energy densities but 808-

nm PBM application decreased the cellular uptakes of Ce6 after the 24 h of incubation 

with the cells. Especially, 5 J/cm2 808-nm PBM resulted in decreases in the cellular 

uptakes of Ce6 compared to the control and other energy densities of 808-nm PBM. 

This enhanced cellular uptake can be correlated due to the viscosity changes after the 

PBM application [79]–[81]. It is tried to be explained that increased cellular uptake of 

chemotherapeutic agents when HeLa cells were irradiated with IR pulsed light at 670-

nm wavelength and this was correlated with decreased viscosity of the cells after PBM 

application which enhances cellular uptake [81]. The same phenomenon could take 

place in this study that resulted in enhanced cellular uptake of Ce6 with the 2 h of 

incubation by PBM application at 808-nm wavelength. The viscosity change may be 

stabilized with the PC3 cells in a longer time resulting in no effect on the cellular 

uptake of Ce6 after 24 h of incubation. When the cellular uptakes and cell viabilities 

obtained after PDT were tried to be correlated to each other, 2 h incubation of Ce6 



67 

 

with PC3 cells was compatible with the cell deaths in general terms but there is no 

consistency of cellular uptakes of Ce6 for 24 h incubation and cell deaths observed 

after PDT. Although the cellular uptakes of Ce6 with the 24 h incubation decreased 

with the 808-nm PBM, more cell deaths were observed in PBM+PDT groups. The 

maximum changes of 44.88 and 63.44% in the cell viabilities were observed with the 

5 J/cm2 808-nm PBM applications followed by PDT application after 2 h incubation 

of 10 µM of Ce6 and 24 h incubation of 2.5 µM of Ce6 respectively despite PBM 

application at this energy density decreases the cellular uptake of Ce6. From these 

outcomes, an idea comes to mind that increased cell death obtained by PDT which 

cells pre-treated with PBM is not only related to the increased cellular uptakes. In other 

words, increased cell death is not only due to the increased cellular uptake of PS 

because the application of PBM decreased the cellular uptakes, especially in the groups 

where additional cell deaths were observed that were observed in only PDT. The other 

mechanisms that resulted from the 808-nm PBM contributed to the enhanced PDT 

efficacy such as the released amount of NO and produced ATP which is maximum in 

5 J/cm2 density. The application of PBM at a certain energy density before the PDT at 

certain concentrations of PS induced the cells and resulted in increased cell death 

obtained from PDT alone. When the other mechanistic analyses rather than cellular 

uptakes were examined after the Ce6-mediated PDT at 50 J/cm2 energy density and 2 

h of incubation time, pre-treatment with 808-nm PBM at 5 J/cm2 energy density 

increased the cellular deaths obtained from the only PDT at 5 and 10 µM 

concentrations of Ce6 while 3 J/cm2 808-nm PBM increased cell death obtained from 

the only PDT at 25 µM Ce6. Although the released amount of NO and change in MMP 

by 5 J/cm2 808-nm PBM energy density was less than other energy densities after the 

PDT, the highest amount of ATP obtained from the 808-nm PBM at this energy density 

would an impact on the increased cellular deaths making cells more sensitive to the 

following anticancer treatment. In addition, the produced amount of ROS after the 

application of Ce6-mediated PDT at 5 µM of Ce6 after 2 h of incubation which cells 

were pre-treated with 808-nm PBM at 5 J/cm2 was higher than the other energy 

densities of PBM and only PDT groups. However, other concentrations of Ce6-

mediated PDT did not show any correlation in the ROS amounts. Maximum change 

of 44.88 % in the cell death that was enhanced after the 808-nm PBM at 5 J/cm2 energy 

density at 10 µM Ce6-mediated PDT after 2 h incubation, more decreased MMP was 
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observed in this group compared to the only PDT and other PBM+PDT groups (1 and 

3 J/cm2 808-nm PBM) while the amounts of released NO and produced ROS was the 

same with the control group.  

Generally, produced amounts of ROS after Ce6-mediated PDT at 50 J/cm2 energy 

density after the 24 h incubation of Ce6 was suitable with the cell deaths observed 

meaning groups that had more cell deaths produced higher amounts of ROS via 

photodynamic therapy. Also, fewer amounts of NO released and less MMP were 

observed in groups that more cell deaths especially cells that pre-treated with 808-nm 

PBM at 5 J/cm2 than only PDT and other PBM+PDT groups (1 and 3 J/cm2 808-nm 

PBM).  Maximum change of 63.44% in the cell death that was enhanced after the 808-

nm PBM at 5 J/cm2 energy density at 2.5 µM Ce6-mediated PDT after 24 h of 

incubation, a slight decrease in MMP and a decrease in the amount of released NO 

were observed in this group compared to the only PDT and other PBM+PDT groups 

(1 and 3 J/cm2 808-nm PBM) while the amount of produced ROS was higher than the 

control and other PBM+PDT groups (1 and 3 J/cm2 808-nm PBM). 

PBM normally increases cell viability by stimulating the mitochondrial membrane 

receptors which are sensitive to the photons and increasing the production of ATP. 

Photon absorption (600-810 nm wavelength) by the Cox enzyme releases the NO 

which has been bound to the iron centers of heme for mitochondrial respiration 

regulation resulting in decreased ATP production. This release creates a proton 

gradient increasing MMP which is later used for the production of ATP as well as 

ROS. Other chromophores rather than Cox can absorb the photons of 810-1064 nm 

which are light-sensitive ion channels and their activation again increased the ROS 

level [53]. Many studies were aimed at the positive outcomes of healthy cells gained 

by PBM but the PBM effects on cancer cells are very limited and not investigated 

deeply compared to its effect on healthy cells in the literature. Of course, this is due to 

the concerns about the enhanced cellular viability of cancer cells and making them 

more aggressive which can have negative outcomes in this situation. Due to this worry, 

the application of PBM to cancer cells before any anticancer treatment has remained 

in the background. But it is clear in the literature that some cancer cell types react to 

the PBM differently in the meaning of cell viability. Some researchers resulted in 

increased proliferation, some of them observed decreased proliferation and some of 

them showed that the proliferation of cancer cells was not affected by PBM [82], [83]. 
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Also, these different outcomes are highly affected by wavelength, energy density, and 

application time of the light. To give some recent examples, Shakibaie et al. observed 

increased cell viability of breast cancer cells by irradiating them with 629-nm LED 

light at 17.5 J/cm2 energy density, Schalch et al. observed decreased cell viability of 

head and neck cancer cells that were irradiated with 780-nm laser light at 4 J/cm2 

energy density, Chen et al. did not observe a change in the viability of melanoma cells 

by irradiating them 630-nm LED light at 2.48 mW/cm2 power density, and Ibarra et 

al. observed decreased oral squamous carcinoma cell viability when PBM conducted 

with 660-nm LED light at 3 and 6 J/cm2 energy densities were applied repeatedly while 

single PBM with the same wavelength at 3 J/cm2 increased the cellular viability [84]–

[87]. From this study, it is observed that 655-nm red diode laser light caused a slight 

increase in the cellular viability of PC3 cells at all energy densities. On the other hand, 

808-nm PBM did not cause significant increases in which PC3 cells expressed the 

same cell viability as the control. It is clear from the results of this study, 808-nm 

wavelength diode laser light did not increase the viability of the PC3 cells that we do 

not want to see in cancer cells, it can be considered a safe zone, on top of its PBM at 

808-nm wavelength induced the PC3 cells before the Ce6-mediated PDT enhancing 

the cell death obtained from only PDT.  

NO is an important molecule that has several roles in physiology [88]. NO competes 

with oxygen via binding to the affiliation site of oxygen in the Cox reversibly and this 

binding to the heme a3 and CuB centers of Cox limits the oxygen consumption of the 

cells. Absorption of the NIR photons by the copper centers of the Cox resulted in 

increased NO amounts in the cells due to photodissociation [81]. In the literature, many 

studies showed that NO is released from healthy cells with PBM applications [89]–

[92]. In this study, the application of both two wavelengths resulted in an increased 

amount of NO which cells react differently depending on its concentration. The 

concentration of NO can control the opening or closing of the large-conductance 

calcium and voltage-activated potassium channels (BK) via vasodilation. Increased 

NO level by the PBM opens the BK channels and helps cells to remove intracellular 

ROS or increases the ATP amount by stabilizing MMP [81].  PC3 cells may increase 

their ATP amount by stabilizing their MMP with these BK channels. It was observed 

in this study that PC3 cells tried to stabilize their MMP decrease caused by 808-nm 

PBM application by increasing it to the back values. Especially, a maximum increase 
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in the NO and maximum ATP production were observed in 808-nm PBM at 5 J/cm2 

energy density (compared to control groups and 808-nm PBM at 1 and 3 J/cm2 energy 

densities). In this study, 655-nm PBM at 1,3 and 5 J/cm2 energy densities caused a 

slight increase in the MMP while 808-nm PBM at 1,3 and 5 J/cm2 energy densities 

caused decreased MMP which recovered 24 h after probably with the help of 

cyclooxygenase enzymes which revolve the MMP to normal level stopping the 

production of ROS when it decreased [53]. Decreased MMP is not prevalent because 

healthy cells showed elevated MMP after the PBM application but there are examples 

in the literature that cancer cells respond to the PBM via decreasing their MMP. Chen 

et al. observed a decrease of the MMP in the melanoma cells applying PBM using blue 

LED at 1.12 J/cm2 energy density [86]. Doaga et al. observed a decreased MMP level 

in the human acute T leukemic Jurkat cells after applying PBM at an 830-nm 

wavelength and 100 mW/cm2 power density but they also observed increased MMP 

after the application of PBM at a 630-nm wavelength [93]. It can be observed that from 

our results and literature, MMP change is highly influenced by the wavelength of the 

light. The wavelengths around 600-nm result in increased MMP means 

hyperpolarization while wavelengths around 800-nm result in decreased MMP means 

depolarization of the membrane.  

Four potential possibilities exist that PBM can have effects on cancer cells. i) PBM 

cannot have any effect on cancer cells. ii) PBM can directly kill cancer cells at high 

energy doses due to its biphasic nature. iii) PBM can result in selective cancer cell 

killing via metabolic differences between healthy and cancer cells. iv) PBM can 

regulate the immune system against cancer [94], [95]. In this study, we observed 

enhanced cancer cell death by the Ce6-mediated PDT when PC3 cells were pre-treated 

with PBM at 808-nm wavelength. These results may be due to the providing the cancer 

cells a high amount of ATP with the PBM application. It is known that cancer cells 

have bounding NO in the mitochondria that restrict ATP production and therefore the 

amount of ATP is less than in healthy cells. ATP produced by the PBM application 

may enhance the cancer cells' response to the apoptotic stimulus resulting in enhanced 

apoptosis by the following anticancer treatment [95]. In addition, wavelengths that are 

used for the PBM are well absorbed by the copper centers of the Cox reducing the 

redox state of the Cox in the end. However, this reduction may result in changes in the 

iron states of the heme centers. Changing the states of iron may activate apoptosis and 
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necrosis because enzymes related the iron metabolism take part in the regulation of 

apoptosis and necrosis. MMP also can affect cell death [81]. Khokhlova et al. observed 

mitochondrial damage after the PBM was conducted with 1265-nm laser light at 3.54 

J/cm2 energy density with colorectal cell death after seven days via enhancing 

apoptosis [96]. PBM application at 808-nm wavelength resulted in the loss of MMP in 

this study which may later be resulting in the apoptotic factor release that contributes 

to cell death. Because the loss of MMP may result in the distribution of the membrane 

permeability that causes the cytochrome c release into the cytoplasm. In the cytoplasm, 

cytochrome c couples with apoptotic factors forming apoptosomes that activate the 

Cas3 and Cas9, and activation of these results in cell death [53], [97]. Also, the amount 

of produced ROS after PBM at 808-nm wavelength even at low concentration may 

contribute to the apoptosis later via inactivating the AKT/GSK3beta signaling pathway 

which is related to cell death [55], [64]. In addition, it is thought that PBM can result 

in reverse mitochondrial communication which is the reverse situation of normal cell 

signaling. Normally, cells communicate via signaling from the nucleus to the other cell 

parts especially cellular organelles but due to the changes in the structure of 

mitochondria such as changed mitochondrial membrane permeability and ion pumps, 

the activator protein 1 (AP-1) which regulates apoptosis may be activated [55], [98]. 

And lastly, another issue that can affect the enhanced cell death by PDT could be the 

exclusion zone which sites the fourth state of the water where only water molecules 

exist. It is thought that PBM may separate electrons of photons of water in this zone. 

This separation of charges makes this zone function like a battery via delivering 

vibrational energy to the water molecules [99], [100]. The creation of a battery in the 

water content of cells via PBM may make cells more sensitive to future stimulants 

which are anticancer in this study. 

It is well known that cancer cells show different hallmarks which are specific to them 

differing from the healthy cells. Researchers hypothesize that cancer and healthy cells 

react separately to the PBM application and the PBM effect induces the cancer cells 

greater due to the excessive bounding of NO in the mitochondria [56]. Cancer cells 

have different glucose mechanisms for energy production called the Warburg effect. 

The cancer cells produce their energy with aerobic glycolysis which means glycolysis 

followed by lactate fermentation even in the presence of oxygen probably due to the 

increased glucose uptake and this takes in the cytosol not in the mitochondria while 
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the healthy cells produce their energy mostly from the oxidative phosphorylation in 

the mitochondria [6]. Selective cell death of cancer cells may be accomplished due to 

metabolic differences such as the Warburg effect and low-level ATP amount in the 

cancer cells because of this effect [94]. In this point of view, PBM application before 

the anticancer treatments such as PDT to the tumor site protects the healthy cells and 

induces the cancer cells for the following cell death obtained from the anticancer 

treatment. PBM may induce the cancer cells by providing them ATP which has been 

limited due to restricted cellular respiration and enhancing the cancer cells’ response 

to the apoptotic stimulus and enhanced apoptosis which is energy dependent at the end. 

Probably, PBM may protect the healthy cells which have had adequate ATP amount 

via ROS production that can induce the protective mechanisms and reduce the negative 

effect of the anticancer treatment on healthy tissues via activating the immune system 

as well [95], [101].  

Application of PBM to the cancer cells is a very debatable issue and has negative 

effects in the end but it was observed in this study that PBM application with 808-nm 

wavelength at 1, 3 and 5 J/cm2 energy density to the human prostate cancer cells is 

safe and not increased the viability of the PC3 cells dramatically that is expected. And 

also PBM application at an 808-nm wavelength at these energy densities before the 

Ce6-mediated PDT increased the PC3 cancer cell death compared to the death obtained 

from PDT alone which was expressed via cell viability assay and staining. Probably 

the NO released and increased amount of ATP content after the 808-nm PBM induced 

the PC3 cells for the following Ce6-mediated PDT application. The ROS produced 

after the Ce6-mediated PDT were higher in the pre-treated cells with the 808-nm PBM 

(especially, at 5 J/cm2 energy density) and less MMP was observed in these cells. In 

relation to these results, the cell deaths obtained from the photodynamic action have 

also increased with the pre-treatment of PBM.  
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Chapter 5 

Conclusion  

PDT is a kind of light therapy that is used in the treatment of cancer. Basically, it is 

based on the conversion of light energy to chemical energy to produce toxic substances 

such as ROS. The wavelength of the light is important because it should be absorbed 

with used PS to induce photodynamic action. When the proper light at a certain 

wavelength and PS are used, ROS is produced which is very toxic to the cells and 

results in cancer cell death via influencing cell components. Unfortunately, as with 

other anticancer treatments, there are disadvantages that affect the efficacy of this light 

therapy. To solve and eliminate these disadvantages, PDT is combined with other 

anticancer therapies or other therapy modalities such as PBM. PBM application is not 

preferred in oncology due to the increased cell viability concern. However, this light 

therapy can result in positive outcomes such as increased cell death and reduced tumor 

aggressiveness which is obtained from only the anticancer therapy itself by changing 

its application strategy. In this study, increased prostate cancer cell death was observed 

when PBM was applied before the PDT compared to the cell death obtained from PDT 

only and the underlying causes resulting in this increased cell death have been tried to 

be explained by mechanistic analyses, especially with NO release, and ATP 

production. And the difference between the cell deaths obtained from only PDT and 

combined PDT with PBM was greater in low PS concentrations which may reduce the 

possible side effects of the therapy on surrounding healthy cells. In addition, PBM may 

have some positive effects on cancer cells by enabling selective cell death and 

stimulating the immune system via targeting immune system cells against cancer. Of 

course, increased cell death can be achieved by combining PDT with other 

conventional anticancer treatments such as radiotherapy and chemotherapy, but side 
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effects such as the killing of the bone marrow cells and further reducing the immune 

system are available and must be considered when these therapies are combined. At 

this point, a more successful, selective, and targeted fight against cancer can be 

achieved by combining use of PDT with PBM rather than other conventional 

anticancer therapies by eliminating possible side effects of conventional ones by 

activating the immune system.  

Overall, the application of PBM to the cancer cells before anticancer treatments such 

as PDT has the potential to increase the outcome of cancer treatment enabling targeted 

and selective cancer cell death, and it has the potential to reduce the side effects 

protecting the surrounding healthy cell damage obtained after the cancer treatment via 

stimulating the immune system and healthy cells. Due to these potentials combination 

uses of PBM and PDT is very important for dealing with cancer, especially the local 

ones such as prostate cancer. The effect of PBM on the PDT area cannot be negligible 

and is worth exploring in future cancer studies whether in vitro, in vivo, or clinically.  
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