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ABSTRACT: Photobiomodulation (PBM) is a non-ionizing therapy that promotes faster wound healing
and cell proliferation/differentiation. It is recently understood that photodynamic therapy (PDT) may act
as PBM when applied at low-level. In this study, a comparative analysis between PBM and low-dose PDT
was performed on HUVECS to increase angiogenesis. HUVECs were irradiated at 808-nm of wavelength.
Indocyanine green was used as a photosensitizer in PDT applications. Single and triple treatments were
employed for both modalities. Their effects were analyzed with cell viability, intracellular ROS, MMP
change, NO release, and morphological analysis. The expressions of vascularization-related proteins
(VEGF, PECAM-1, and vWf) were determined through immunofluorescence staining and qRT-PCR.
Temperature changes during applications were monitored to determine any thermal damages. It was
observed that triple PDT application was more successful at increasing cell proliferation and tube-like
structure formation with a 20% rate. The level of ROS did not significantly change in all applications.
However, the amount of NO release in triple PDT application was nearly 5 times that of the control group,
which showed it acted as a key molecule. The vascularization-related proteins were more strongly
expressed in PDT applications. It was understood that low-dose PDT can exert a photobiomodulation
effect to accelerate vascularization through NO release.
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Fotobiyomodiilasyon ve Diisiik Doz Fotodinamik Terapinin HUVEC Hiicrelerindeki
Anjiyogenez'e Yonelik Olas1 Terapotik Etkileri: Karsilastirmalr In Vitro Analiz

OZ: Fotobiyomodiilasyon (FBM), yara iyilesmesi, hiicre proliferasyonu/farklilasmasi mekanizmalarin
hizlandiran iyonlastirict olmayan bir 151k terapisidir. Son zamanlarda, fotodinamik terapinin (FDT) diisiik
dozlarda uygulandiginda FBM gibi davranabilecegi anlasilmistir. Bu calismada karsilastirmali bir analizle
anjiyogenezi artirmak icin HUVEC'ler iizerinde FBM ve diisiik doz FDT'nin etkisi arastirilmistir.
HUVEC’ler 808 nm dalgaboyu ile uyarilmistir. FDT uygulamalarinda fotosensitizan olarak indosiyanin
yesil kullanilmigtir. Her iki yontem tekli ve {iglii olarak uygulanmistir. Uygulamalarin etkileri hiicre
canliligi, hiicre i¢i ROS, MMP degisikligi, NO salinimi ve morfolojik analizler ile incelenmistir.
Vaskiilarizasyonla ilgili proteinlerin (VEGF, PECAM-1 ve vWf) ifadeleri, immiinofloresan boyama ve
qRT-PCR yontemleri ile belirlenmistir. Olas1 termal hasarlar: belirlemek i¢in 151k uygulamalar: sirasindaki
sicaklik degisimleri izlenmistir. Sonucunda, tiglii diisiik doz FDT uygulamasinin hiicre proliferasyonu ve
damar benzeri yap1 olusumunda %20 oraninda daha bagarili oldugu gézlenmistir. Biitiin uygulamalarda
ROS seviyesi onemli dlgiide degismezken, {icliit FDT uygulamalarinda NO saliniminin miktar1 kontrol
grubunun yaklasik 5 kat1 olmus, bu da NO saliniminin bu mekanizmada anahtar bir molekiil olarak
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hareket ettigini gostermistir. Vaskiilarizasyonla ilgili proteinler de FDT uygulamalarinda daha giiglii bir
sekilde ifade edilmistir. Sonug¢ olarak, diisiik doz FDT'nin NO salinimi yoluyla vaskiilarizasyonu
hizlandirmak i¢in fotobiyomodiilatif etki gosterdigi anlasilmistir.

Anahtar Kelimeler: Fotobiyomodulasyon, Fotodinamik terapi, 808-nm, Indosiyanin yesil, HUVEC hiicreleri
1. INTRODUCTION

Light therapies are important strategies to combat cancerous and non-cancerous diseases and also to
accelerate healing processes recently. Specifically, photodynamic therapy (PDT) is used to destroy cancer
or bacterial cells and photobiomodulation (PBM) is used to enhance cell proliferation/differentiation,
wound healing, and pain relief [Topaloglu and Bakay, 2022; Topaloglu et al., 2021a; Topaloglu et al., 2021b].
PBM is a non-ionizing and non-thermal light application that triggers some biochemical reactions inside
the cells via mitochondria at visible and near-infrared wavelengths [Amaroli et al., 2019; de Freitas and
Hamblin, 2016; Huang, 2009]. After the absorption of the low-level visible or near-infrared light by the
target tissue, numerous biological functions are enhanced without causing any harm to the target
[Hamblin, 2018]. The biological functions are associated with intracellular reactive oxygen species (ROS)
production, adenosine triphosphate (ATP) generation, nitric oxide (NO) release, DNA synthesis, etc.
[Hawkins et al., 2005]. Cytochrome c oxidase (COX) is an important part of the electron transport chain in
mitochondria [Hough et al., 2014] and acts as a chromophore for visible and near-infrared light during
PBM applications which results in a protein gradient across the cell and mitochondrial membrane [Zorov
et al., 2014]. This process causes an increase in mitochondrial membrane potential (MMP) change followed
by ATP synthesis, intracellular ROS generation, and nitric oxide (NO) release [Hamblin, 2018]. Released
NO molecules and produced intracellular ROS are key molecules that mediate the mechanism of PBM
and serve as signaling molecules to influence many physiological pathways that will end up with the
therapeutic outcome of PBM [Zhang et al., 2016; Mittal et al., 2014]. COX is inhibited by NO molecules.
When it is released from COX after light absorption, it will influence the respiration rate in the cells. This
is the reason why ATP synthesis increases and other therapeutic outcomes such as cell
proliferation/differentiation can be obtained in the cells treated with PBM [Beltran et al., 2000; Karu et al.,
2005; Borutaite et al., 2000].

PDT is also a therapeutic light application that is generally used to destroy pathogens or cancer cells
in the presence of a photosensitizer. Visible or near-infrared light is applied to excite the photosensitizer
and a chain of transfer reactions occurs to produce a high concentration of ROS that will exhibit photo-
cytotoxicity on unwanted cells [Castano et al., 2004]. The quantum oxygen yield of a photosensitizer upon
irradiation will determine the efficacy of PDT. Higher ROS yield will determine the degree of the killing
effect of PDT. Lower ROS yield may not exhibit cytotoxicity and may even induce cell survival
mechanisms in the cells [Topaloglu et al., 2016]. PDT which was used at low doses induced cell
proliferation and VEGF expression in nude mice brains in a previous study [Zhang et al., 2005]. Thus, it
was understood that the optimization of the light parameters in these light applications is very important
to obtain the desired outcome of the applications and PDT at a low level may be used to enhance cell
proliferation/differentiation and wound healing [Topaloglu et al., 2016; Topaloglu et al., 2015]. This
information has opened new perspectives to the use of PDT for different strategies, instead of antibacterial
or anticancer purposes. The biphasic dose-response of the cells towards PDT can be utilized and the
potential of PDT to produce ROS in a controllable way can be an advantageous tool to induce cell
proliferation/differentiation, wound healing, etc [Topaloglu and Bakay, 2022]. In PBM, the chromophore
is the COX in mitochondria and its prevalence may determine its effectiveness [Topaloglu et al., 2021a]. In
PDT, photosensitizers act as a chromophore which is administered exogenously. Thus, its concentration
can be easily adjusted depending on the application type and desired outcome [Topaloglu and Bakay,
2022].

Recently, there have been several studies that used PDT as a stimulative tool. Bolukbasi Ates and their
colleagues used 809-nm of wavelength in the presence of indocyanine green (ICG) to enhance the
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osteogenic differentiation at low energy densities and ICG concentrations [Ates et al., 2018]. Topaloglu
and Bakay used chlorin e6 (Ce6) and red light to enhance neural cell differentiation, again at low-level
light parameters and photosensitizer concentration [Topaloglu and Bakay, 2022]. Another study that was
performed on scratched wounds of fibroblasts showed that 660-nm of wavelength in the presence of 5-
ALA induces faster wound healing [Sibata ef al., 2000]. In light of these studies, it was understood that
low-dose PDT may serve a stimulative effect and may become more successful than PBM by choosing the
appropriate parameters more properly.

Endothelial cells have diverse functions and perform many important duties in the body. Mainly, they
are responsible for the repair of the biological tissue and new blood vessel formation depending on their
large capacity to divide, migrate, and differentiate for building vessels through angiogenesis. Human
umbilical vein endothelial cells (HUVEC) are obtained from the vessel of the umbilical cord and are good
sources to study the behavior of the endothelial cells [Terena et al., 2021]. It is also very valuable to analyze
the photobiomodulation effect of light on these cells to reveal their potential for angiogenesis upon
irradiation. Thus, the comparative analysis of PBM and low-dose PDT was performed on HUVECs in this
study. Besides, the potential of 808-nm of wavelength was analyzed in PBM and low-dose PDT because
of the deep penetration capacity of NIR light into the biological tissue. The most appropriate
photosensitizer that strongly absorbs the wavelengths around 800-nm is ICG [Topaloglu et al., 2015].
That’s why ICG was used in low-dose PDT applications to compare its stimulative potential with PBM.
To determine the effect of the PBM and low-dose PDT on HUVECsS, cell viability, intracellular ROS, MMP
change, NO release, and morphological analysis of HUVECs were performed. Besides, the expressions of
important vascularization-related proteins were determined through immunofluorescence staining and
qRT-PCR. Finally, the temperature change was monitored with a thermal camera to understand whether
there was a thermal effect of NIR light irradiation on the cells.

2. MATERIALS AND METHODS
21 Light Source

In this study, an 808-nm diode laser (Teknofil, Istanbul, Turkey) was used as a light source with a
maximum output power of 2 Watts. The optical fiber of the laser device was positioned vertically and the
fiber tip was 10 cm distant from the cell culture plates on an optical table. The illumination area was
adjusted to irradiate a definite area homogeneously on the cell culture plates. The output power was set
to 600 mW and 1 J/cm? energy density was applied whether the application was PBM or low-dose PDT
with an exposure duration of 5 seconds.

2.2 Cell Culture

Human umbilical vein endothelial cells (HUVECs) were kindly provided from the Animal Cell
Culture and Tissue Engineering Laboratory, Ege University and cultured in a humidified atmosphere with
5% CO2 at 37°C in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA)
containing 5% fetal bovine serum (FBS, Gibco, Dublin, Ireland), 1% L-glutamine (Sigma-Aldrich, St. Louis,
MO, USA) and 1% penicillin. After they reached 90% confluency, they were trypsinized to dissociate them
from the flask, and then transferred to the wells of a 96-well plate where the cells received light irradiation.
For PDT applications, 1x105 cells were seeded in a single well of the 96-well plate to prevent a significant
amount of cell loss during the multiple washing steps after ICG incubation. For PBM applications, 1x10+
cells were seeded in a single well of the 96-well plate. They were cultured for 24 hours at 37 °C before light
applications.
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2.3 Photosensitizer

For low-dose PDT applications, ICG was used as a photosensitizer because of its strong absorption
band at around 800 nm of wavelength. 1.93 mg of ICG (Santa Cruz, Dallas, Texas, USA) was dissolved in
500 uL DMEM to prepare a stock solution with a concentration of 5 mM. Then it was diluted with DMEM
to the concentrations of 0.05, 0.1, 0.25, 0.5, 1, 2.5, and 5 uM to be used in the analyses.

2.4 Cytotoxicity of the Photosensitizer on HUVECs

Seven different concentrations of ICG (0.05, 0.1, 0.25, 0.5, 1, 2.5, and 5 pM) were prepared in serum-
free medium (DMEM) in the dark, incubated with HUVECs for 1 hour to observe the possible toxic effect
of the photosensitizer on the cells, and finally to determine the ideal concentration for the low-dose PDT
applications. After the incubation, the cells were washed once with phosphate-buffered saline (PBS,
Sigma-Aldrich, St. Louis, MO, USA) and endothelial cell growth medium (EGM, Lonza, Basel,
Switzerland) was added. After 24h, cell viability analysis was performed by 2, 5-diphenyl tetrazolium
bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA) measuring the absorbance with a microplate reader
at 570 nm (Multimode Microplate Reader Biotek Synergy HTX, Biotek, Winooski, VT, USA).

2.5 Experimental Procedures of PBM and Low-Dose PDT

The effect of light applications in PBM and low-dose PDT therapies was investigated with two
different modalities: single and triple light treatments. In the single light treatment modality, the cells
were irradiated only once throughout the experiments. In the triple light treatment modality, the cells
received daily irradiation with a time interval of 24 hours three times. Before the light irradiations, the
cells were incubated with 0.1 pM ICG for 1 hour in low-dose PDT groups. When the incubation with ICG
was completed, the cells were washed with PBS twice and then EGM was added to them. In the meantime,
the cells in PBM groups were not incubated with ICG, only their medium was refreshed and EGM was
added. Before laser applications, the optical table and the laser device were sterilized for 30 min under UV
light. Then, the cells were irradiated by an 808-nm diode laser at 1 J/cm? energy density. To perform a
triple light treatment, this application was repeated three times at 24-hour intervals. Besides the control
group which did not receive any application, the ICG group was formed to investigate the effect of only
ICG application on HUVECs and angiogenesis. The cells in this group were incubated with 0.1 uM ICG
and were not irradiated with light. Similar to the light applications, ICG applications were performed as
single and triple treatments. A set of cells in this group was incubated with ICG once and they were
followed up for 7 days. The other set of cells in this group was incubated with ICG three times with a time
interval of 24 hours and they were followed up for 7 days, too. The medium of HUVEC cells was refreshed
with EGM every day.

2.6 Morphological Analysis of HUVECs

The morphology of HUVECs was evaluated microscopically throughout the experimental procedure
ondays 1, 2, 3,4, and 7. An inverted microscope (Olympus CKX41, Olympus Co. Ltd., Tokyo, Japan) was
used to capture microscopic images of the cells. For each sample at least 10 images were obtained with
20X magnification. When the tubular structures were formed during the follow-up period until day 7, the
total length of these structures was measured by using 3 randomly selected microscopic images and
analyzing them with the help of an “Angiogenesis Analyzer” plugin in ImageJ software (NIH, Bethesda,
MD, USA) as described previously [Carpentier et al., 2020; Onak Pulat et al., 2021]. The obtained data of
the experimental groups were normalized with the data of the control group and the change in the length
of the tubular structures was represented as a percentage.
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2.7 Cell Viability

At the end of the experimental procedures, the viability of HUVECs was analyzed by 3-(4,5-
dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) on day 7. First, a 5 mg/ml stock solution
was prepared. Then 10% of MTT solution and 90% of DMEM without serum were added to the cells. After
2 h of incubation, MTT solution was removed and 100 pL of Dimethyl Sulfoxide (DMSO) solution (Merck,
Darmstadt, Germany) was added to the cells. After 30 minutes of incubation with DMSQO, the absorbance
values of the samples were measured at 570 nm with the microplate reader. Finally, the data obtained in
this analysis were normalized with the data of the control group and the average percentages of the cell
viabilities were calculated.

2.8 Intracellular ROS Generation

Light therapies such as PBM or PDT induce ROS production intracellularly and these molecules play
a key role to provoke specific cellular functions inside the cells after these applications. For this, the
amount of intracellular ROS production was analyzed by using a non-fluorescent probe of 2',7'-
dichlorofluorescein diacetate (DCFH-DA, Sigma-Aldrich, St. Louis, MO, USA) after light treatments. The
available ROS molecules convert DCFH-DA into a fluorescent molecule of dichlorofluorescein (DCF).
Before the light applications, the cells were incubated with 0.01 mM of DCFH-DA for 45 minutes.
Afterward, the cells were washed twice with PBS and then the experimental procedures of PBM of low-
PDT were applied. At the end of the applications, the fluorescence intensity of DCF was measured using
the microplate reader directly with an excitation wavelength of 485/20 nm and an emission wavelength of
535/20 nm to determine the level of intracellular ROS production. The data obtained in each group were
normalized with the data of the control group and the average percentages of the ROS levels were
calculated.

2.9 NO Release

Light therapies, especially PBM, induce the release of NO molecules bound to mitochondria. For this,
Griess reagent (Biotium, Fremont, CA, USA) was used to assess the amount of NO released. Griess reagent
contains sulfanilic acid and N-(1-naphthyl)ethylenediamine and they react with nitrite, the breakdown
product of NO. At the end of this reaction, a dye molecule is formed that can be measured
spectrophotometrically. 24 hours after the light applications, an identical volume of Griess reagent and
the supernatant solution from each sample were mixed and incubated for 30 minutes at room temperature.
The absorbance values of each sample were measured using the microplate reader at a wavelength of 548
nm after each light application. The amount of nitrite in each sample was calculated using the standard
curve formula as an indicator for the NO molecules released after the applications.

210  Mitochondrial Membrane Potential (MMP) Change

The changes in the MMP of the cells treated with light applications were determined by the JC-1-
Mitochondrial Membrane Potential assay (Abcam, Cambridge, UK). The cells were rinsed with dilution
buffer and then incubated with 0.01 mM of JC-1 solution for 10 minutes at 37°C before the light
applications. Then the cells were washed twice with the dilution buffer and the appropriate application
protocols were carried out in each PBM and PDT group. The fluorescent signals were read instantly at an
excitation wavelength of 475 nm and the emission wavelengths of 595 nm and 535 nm with a microplate
Reader (CLARIOstar Microplate Reader BMG LABTECH, Germany). Besides, the red signals of the live
cells in each experimental group were captured with 20X magnification by using a fluorescent microscope
(Olympus CKX41, Olympus Co. Ltd., Tokyo, Japan). CellSens Imaging Software was used to obtain these
images where the red fluorescence represented the hyperpolarization of the live cells.
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211  Immunofluorescence Staining

For the analysis of the angiogenesis induced by light therapies in HUVECs, immunofluorescence
staining was performed for the angiogenesis-related proteins of vascular endothelial growth factor
(VEGEF), Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1), and von Willebrand factor (vWf). At
the end of the 7-day follow-up, HUVECs were washed twice with PBS and then fixed with 4%
paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) at 4°C for 30 minutes. Afterward, samples were
immersed with 0.1% Triton X-100 in PBS for 1 hour and blocked with 1.5% Bovine Serum Albumin (BSA)
in PBS for 2 hours. The samples were then incubated with primary antibodies in PBS containing 1% BSA
overnight at 4°C. Primary antibodies were VEGF (1:50, cat. no. sc-53462, Santa Cruz Biotechnology Inc.,
Santa Cruz, California, USA), PECAM-1 (1:50, cat. no. sc-376764, Santa Cruz Biotechnology Inc., Santa
Cruz, California, USA) and vWf (1:50, cat. no. sc-365712, Santa Cruz Biotechnology Inc., Santa Cruz,
California, USA). The fluorescent secondary antibody was m-IgGx BP-PE (1:50, cat. no. sc-516141, Santa
Cruz Biotechnology Inc., Santa Cruz, California, USA) and it was diluted with 1% BSA before use. Each
sample was also stained with 4,6-diamidino- 2-phenylindole (DAPI) to image the cell nuclei. Using the
inverted fluorescent microscope (Olympus CKX41, Tokyo, Japan), the immunofluorescent images of the
expression patterns of VEGF, PECAM-1, and vWF proteins were captured with the same exposure time
and light intensity.

212  Relative Expressions of vWf and PECAM-1 gene

On day 7 after all light irradiations were completed, the relative expressions of vWf and PECAM-1
gene were assessed with quantitative real-time PCR analysis. First, total RNA in the cells was isolated for
each group using a total RN A purification kit (GeneAll Biotechnology, Co., Ltd., Seoul, Korea). Afterward,
the conversion of the extracted/purified RNA to cDNA was performed using the HiScript III 1¢t Strand
cDNA Synthesis Kit (Vazyme Biotech Co., Ltd, Nanjing, China). Finally, qRT-PCR analysis was performed
with the obtained cDNAs by using the forward and reverse gene-specific primers. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as a housekeeping gene. StepOne Plus Real-Time PCR
System (Applied Biosystems, Foster City, USA) was used for the qRT-PCR process. The expression levels
of each gene were analyzed according to the expression level of GAPDH with StepOne Software v2.3. The
forward primer of GAPDH was GAAATCCCATCACCATCTTCC and the reverse primer of GAPDH was
CCAGCATCGCCCCACTT, the forward primer of vWf was CCCATTTGCTGAGCCTTGT and the reverse
primer of vWf was GGATGACCACCGCCTTITG, the forward primer of PECAM-1 was
GCTGACCCTTCTGCTCTGTT and the reverse primer of PECAM-1 was TGAGAGGTGGTGCTGACATC
(Oligomer, Ankara, Turkey).

213  Temperature Monitoring

During light therapies, the applied light energy may be converted into heat energy which may result
in significant temperature increase and irreversible damage. Especially applications in the infrared regime
and the presence of a photosensitizer are more prone to this outcome. For this, the temperature change
was monitored with a thermal camera (Testo, Thermal imager). The measurements were performed
during all light applications. The temperature was measured at the beginning and immediately at the
endpoint of the light irradiation. The changes in temperatures were calculated.

214  Statistical Analysis

Each application was performed with at least three samples and repeated three times. The data
obtained were first evaluated by one-way ANOVA. Then it was followed by Tukey’s post hoc test using
GraphPad Prism Version 9.0.1 software (GraphPad Software Inc., La Jolla, CA, USA). The p values less
than 0.05 were considered statistically significant.
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3. RESULTS
3.1 Cytotoxicity of ICG on HUVECs

Figure 1 shows the cell viability of HUVECs after 24 hours of incubation with different ICG
concentrations. It was observed that ICG alone did not show any significant toxic effect. There was a slight
decrease observed with the concentrations of 0.05, 0.1, 0.5, 1, and 2.5 uM. The concentrations of 0.25 and
5 uM ICG induced an increase in cell viability. However, there were no statistically significant differences
between any experimental data and the control group (Figure 1). For low-dose PDT applications, 0.1 uM
ICG was chosen because of being the possible lowest concentration which was capable to produce enough
ROS for PBM, but not too much to kill the cells. The higher concentrations than 0.1 uM ICG may induce
significant ROS production in the presence of light irradiation at 808-nm wavelength.
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Figure 1. Cell Viability of HUVECs after the incubation with different ICG concentrations (0.05, 0.1, 0.25,
0.5,1,2.5, and 5 uM). Each column represents the average of the normalized data + standard deviation (n
> 8).

3.2 Cell Viability after PBM and Low-Dose PDT applications

The cell viability analysis of HUVECs was carried out at the end of the 7-day follow-up period
according to the metabolic activity of the live cells determined by the MTT assay. As shown in Figure 2.a.,
there is an increase of approximately 3% after a single light treatment of PBM. The value increased to 7%
after triple treatment of PBM. Figure 2.b. shows that the increase in cell viability was 5% after a single
treatment of PDT and this value increased to 20% after triple treatment of PDT. Low-dose PDT resulted
in clearly higher cell viability than PBM did for both treatment modalities. The outcomes of all triple
treatments were statistically significant compared to the control group. Besides, the single treatment of
PDT application was also significantly different from the control group. Single and triple ICG applications
did not change the cell viability significantly. Only a slight decrease was observed in these groups after
these applications (Figure 2).
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Figure 2. Cell viability analysis of HUVECs a) after PBM applications (single and triple treatment) and b)
after only ICG and PDT applications (single and triple treatment) on the 7t day. Energy density was 1
J/cm?, and ICG concentration was 0.1 uM. Each column represents the average of the normalized data +
standard deviation (n > 8). * symbolizes significant differences compared to the control group, p<0.05.

33 Morphological Analysis of HUVECs after Light Treatments

Figures 3, 4, and 5 show microscopic images of the cells after single and triple treatments of PBM, low-
dose PDT, and ICG, respectively. It was observed that HUVECs successfully proliferated and elongated
in PBM and low-dose PDT groups with respect to the control group. Especially the density of the cells
irradiated with light three times was higher than the cells treated once or in the control group (Figures 3
and 4). As it was shown in Figure 5, single and triple ICG applications did not induce any change on
HUVEGCs in terms of proliferation and elongation. There were no clearly observable connections and
elongations between the cells treated with ICG. It can also be clearly observed that the cell density was
higher and the conditions of the cells were better in the control group compared to the cells in ICG groups.
(Figure 5).

These images were analyzed by the Angiogenesis Analyzer plugin of Image] software to measure the
lengths of tube-like structures. As it is shown in Figure 6.a., the average length of endothelial cell tubular
structure was increased to 111+ 2% in PBM, whereas there was an 8% decrease in the average length of
tube-like structures of PDT groups after a single treatment. The average length of tubular structures was
measured as 100+4% after a single ICG application. After triple treatments, the lengths of endothelial cell
tubular structures were measured as 110 +2% in the PBM group, 118 +3% in the PDT group, and 98+2%
in the ICG group (Figure 6.b.). All the changes in the lengths of tube-like structures obtained with PBM or
PDT applications were statistically significant compared to the control group. However, the outcomes of
the ICG groups were not statistically significant compared to the control group (Figure 6).



782 D. PORTAKAL KOC, G. PULAT, N. TOPALOGLU

CONTROL SINGLE TREATMENT TRIPLE TREATMENT
PBM PBM

Day 1

Day 2

Day 3

Day 4

Day 7

Figure 3. Microscopic images of HUVECs were obtained after single and triple PBM treatments on days
1,2,3,4, and 7. Scale bar: 50 pm.
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Figure 4. Microscopic images of HUVECs were obtained after single and triple low-dose PDT treatments
ondays 1, 2, 3,4, and 7. Scale bar: 50 pm.
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Figure 5. Microscopic images of HUVECs were obtained after single and triple ICG applications on days

1,2,3,4, and 7. Scale bar: 50 pm.
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Figure 6. The total length of the tubular structures after a) single treatment of ICG, PBM, and low-dose
PDT, b) triple treatment of ICG, PBM, and low-dose PDT on day 7. Each column represents the average

of the normalized data + standard deviation (n > 8). * symbolizes significant differences compared to the
control group, p<0.05.

3.4 Intracellular ROS Generation

The intracellular ROS analysis shows that, surprisingly, low-dose PDT application caused a clear drop
after the first treatment, while a single treatment of PBM did not cause a significant change in ROS level
compared to the control group. After the second light treatment, both PBM and PDT application did not
change the ROS level. The measured amounts were quite similar to the amounts in the control group.
After the third light treatment, a slight increase was observed in both applications. This increase was
higher in PDT which was approximately 10%, but it was less than 10% in PBM (Figure 7).
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Figure 7. Intracellular ROS analysis in PBM and PDT groups after each light treatment. Each column
represents the average of the normalized data * standard deviation (n > 8). * symbolizes significant
differences compared to the control group, p<0.05.

3.5 NO Release

The levels of NO released after the light applications were quite remarkable as shown in Figure 8. The
level of NO released in PBM was nearly 4 times higher than that of the control and PDT groups after the
first light application. The first application of PDT did not cause a significant NO release. After the second
light application, surprisingly, the level of released NO in PBM decreased drastically back down to half of
the value of the control group, whereby the level of released NO in PDT was nearly 4.5 times higher than
that of the control group. After the last light application, the level of released NO in PBM was quite similar
to the control group, whereby the level of released NO in the PDT group was still nearly 4.5 times higher
than that of the control group and almost the same as the amount released after the second light
application (Figure 8).

3.6 Mitochondrial Membrane Potential change

Figure 9 shows the fluorescent images of hyperpolarization in the mitochondria of HUVECs after light
treatments. The intensity of red fluorescence in PBM and PDT was quite higher than in the control group
and it became more intense day by day after other light applications (Figure 9).

Figure 10 shows the fluorescence intensity ratio calculated from the fluorescent intensities measured
at 535 nm (for depolarization) and 595 nm (for hyperpolarization). On the first day, immediately after
the light application, the mitochondrial membrane potential change was almost the same in PBM and
PDT groups. It was an approximately 15% increase compared to the control group and an indication of
hyperpolarization. After the second light treatment, the change in MMP for PDT was slightly higher
than the value of PBM and it was still an increase up to 10% which was an indication of
hyperpolarization. After the third light application, the increases in MMP change for both modalities
were nearly 20% which still showed the hyperpolarization of HUVECs and with this application, the
highest values in MMP change were reached (Figure 10).
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Figure 8. NO release in PBM and PDT groups after each light application. Each column represents the
average of the normalized data + standard deviation (n > 8). * symbolizes significant differences compared
to the control group, p<0.05.
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Figure 9. Hyperpolarization images of HUVECs depending on the mitochondrial membrane potential
change after PBM and low-dose PDT applications on days 1, 2, and 3. The scale bar is 50 pm.
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Figure 10. Mitochondrial Membrane Potential Change after each light application in PBM and PDT
groups. Each column represents the average of the normalized data + standard deviation (n > 8). *
symbolizes significant differences compared to the control group, p<0.05.

3.7 Immunofluorescent Staining

Immunofluorescence staining of HUVECs was done on day 7 after single and triple treatments were
performed on both groups, PBM and PDT. The images of the VEGF, PECAM-1, and vWf proteins had red
color and the nuclei of the cells had blue-colored DAPI staining. The red color for each protein can be seen
in each group, with different intensities as shown in Figure 11. It can be observed that vWf in the single-
treated groups was weaker in staining compared to the triple-treated groups. The intensity of the red color
for vWf protein in triple-treated low-dose PDT was significantly stronger than PBM. Similar outcomes
were obtained for PECAM-1 and VEGF proteins. The expressions of PECAM-1 and VEGF were higher in
triple-treated light applications. Low-dose PDT applications induced higher expressions of these proteins
compared to PBM applications. The expressions of all these proteins were higher in the experimental
groups compared to the control (Figure 11).

3.8 Relative Expressions of vWf and PECAM-1 gene

qRT-PCR analysis was performed for the vWf and PECAM-1 gene at the end of the 7-day follow-up
for each group. As shown in Figure 12, all light applications whether they were single or triple, PBM or
PDT, resulted in higher expressions of vWf and PECAM-1 gene compared to the control group. These
genes were more highly expressed in triple-treated groups than in the single-treated groups. Besides, low-
dose PDT applications were more successful to induce the higher expressions of these genes than PBM
applications were. Furthermore, none of these applications were statistically significant compared to the
control group.
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Figure 11. The microscopic images of the immunofluorescence staining of HUVECs in control, PBM, and
low-dose PDT groups for vWf, PECAM-1, and VEGF proteins on day 7.
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Figure 12. qRT-PCR analysis of PECAM-1 and vWF gene in the control, PBM, and low-dose PDT
groups on day 7. Each column represents the average of the normalized data * standard deviation (n > 8).
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3.9 Temperature Monitoring

In each light application, the temperature changes were monitored and only a little increase of
approximately 0.2°C was observed as shown in Table 1. The combination of ICG and near-infrared light
did not cause a significant temperature increase.

Table 1. Temperature measurements during light applications.

1t Light Application 2nd Light Application 3t Light Application
PBM PDT PBM PDT PBM PDT
Start (°C) 29.6 30 30.2 31 31.2 31
End (°C) 29.8 30.1 30.4 31.2 314 31.2
At (°C) 0.2 0.1 0.2 0.2 0.2 0.2
4. DISCUSSION

This study comparatively analyzed the effectiveness of PBM and low-dose PDT on HUVECs towards
vascularization and tried to reveal what happens if the light treatment was performed more than once.
First, the appropriate ICG concentration was determined for low-dose PDT application to prevent any
possible cytotoxic effect of ICG. It was seen that ICG was quite a safe photosensitizer and it can be used
for this purpose. Among the ICG concentrations investigated in the cytotoxicity analysis, the possible
lowest concentration, which was capable to produce enough ROS for PBM, but not too much to kill the
cells, was chosen. With the concentration of 0.05 uM, there was a possibility to be very low and even not
induce any significant cellular mechanism. Higher concentrations analyzed in this study may have the
risk of causing cell death. Thus, 0.1 uM ICG was chosen for low-dose PDT applications. Even though it
exhibited a decrease in cell viability, it cannot be regarded as a cytotoxic concentration. To achieve a certain
amount of ROS production enough for biostimulation after light applications, but not to cause any
detrimental effect which is related to a higher amount of ROS, 0.1 uM ICG seemed quite safe to use in
PDT for biostimulative purposes. Another important parameter in low-dose PDT application was the
energy density which should be properly optimized and not cause any significant thermal damage
depending on the absorption of NIR light by cells/tissue [Ates et al., 2018; Khorsandi et al., 2021]. According
to the information in the literature, 1 J/cm? energy density was determined and used in PBM and low-dose
PDT applications [Topaloglu and Bakay, 2022; Boliikbas1 Ates et al., 2020; Ates et al., 2017]. During all light
treatments, the temperature change was monitored with a thermal camera and it was observed that only
0.2°C change was obtained at most, even in the presence of ICG which is a strong absorber of NIR light
[Topaloglu et al., 2015]. This result proved that the mechanisms of PBM or low-dose PDT applications with
these parameters did not depend on the photothermal interaction mechanism and there was no risk for a
thermal side-effect. Then the effects of ICG, PBM, and low-dose PDT applications were analyzed on cell
proliferation. The increase in the metabolic activity of HUVECs was not high after any light application,
even after the triple light treatment. The maximum increase was 20% which was obtained after the triple
light treatment of low-dose PDT. Nevertheless, it was still significantly different from the control group.
Only ICG applications, whether it was applied once or thrice, did not cause any significant change in the
cell viability at the end of 7 days. It was clearly observed that ICG alone did not have the possibility to
stimulate cell proliferation without light irradiation.

The morphological analysis of HUVECs which was performed on days 1, 2, 3, 4, and 7 also confirmed
the increase in cell viability day by day for all light-treated groups. When the images obtained from single
or triple light-treated groups were compared, the triple light treatment provided more positive effects on
the cell viability. Besides, tube-like structure formation can also be visualized in microscopicimages. After
single light treatment, PBM promoted a better tubular structure formation compared to low-dose PDT
application. After triple light treatments, low-dose PDT promoted a better tubular structure formation
compared to PBM application. Nevertheless, PBM or low-dose PDT applications, whether they were
applied once or thrice, provided more and longer tubular structures than the control group. Thus, it can
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be said that both of these applications were successful at the differentiation of HUVECs. After only ICG
applications, similar outcomes were obtained with the analysis of tubular structures as cell viability
analysis. Whether ICG was applied once or thrice, it did not cause any significant change in the length of
the tubular structures at the end of 7 days. The lengths of these structures in this group were similar to the
lengths that were obtained in the control group. It was understood that ICG alone did not stimulate
tubular structure formation without light irradiation.

To understand the action mechanism of these applications on cell differentiation, some mechanistic
analyses were performed. One of the important molecules in these mechanisms is ROS which has a key
role in many biological processes [Schieber and Chandel, 2014]. Thus, it was assumed that the production
of intracellular ROS might have become predominant after these applications. Surprisingly, the detected
intracellular ROS production was very low in low-dose PDT application after single light treatment.
Besides, the amount of intracellular ROS in both PBM and low-dose PDT groups was lower than the
amount measured in the control group. After the second light treatment, the amount of ROS increased to
a certain extent but was still lower than the amount in the control group. After the third light treatment,
its amount became higher than the control group for both applications. This outcome showed the
importance of the light treatments applied more than once and it also correlated with the findings of the
increases in cell viability and tube-like structure formation obtained after triple light treatment in PBM
and low-dose PDT applications. When PDT was used to destroy pathogenic or cancer cells, a higher
amount of intracellular ROS was produced with higher photosensitizer concentrations and light doses.
The amount of ROS may become 5 times higher than that of the control group [Topaloglu ef al., 2021b].
When PDT was used at low-level for biostimulative purposes, Topaloglu et al. found that the increase in
the amount of intracellular ROS produced after repeated low-dose PDT applications was around 10-20%
[Topaloglu and Bakay, 2022] which was similar to the outcome obtained in this study. Thus, it can be said
that lower photosensitizer concentration and light doses used in this study induced a similar amount of
ROS production to the amount obtained in previous low-dose PDT studies.

NO release is an indication of PBM and as a signaling molecule, it has a key role to regulate some
reactions ending up with some major outcomes of stimulative actions of light [Topaloglu and Bakay, 2022].
Thus, NO release was immediate with the first light application of PBM and the detected amount was
more than 4-fold that of the amount in the control group. Similarly, the increase in cell viability and tubular
structures obtained in PBM application was higher after the first light treatment, which proved the role of
NO release in this mechanism. Later on, the amount of NO release was decreased until the value in the
control group after the second and third light applications of PBM. We understood that the action
mechanism of PBM was faster at first and it became slower in the upcoming treatments. On the other
hand, the amount of NO release was nearly the same as the amount of NO in the control group after the
first light application. After the second and third light applications of low-dose PDT, the amount of NO
release was 4.5 times higher than that of the control group. The remarkable changes in this analysis were
obtained after repeated light application for low-dose PDT. It also confirmed the results obtained after
PDT applications in the previous analysis. It was understood that the action mechanism of PDT occurs
slowly, but became more impactful on the differentiation of HUVECs. In previous PDT applications that
aimed to destroy cancer cells, no significant change in NO release was observed when the photosensitizer
concentration and light dose were used at a high level. The mechanism of the traditional PDT applications
depends on the production of intracellular ROS which is toxic to the cells [Topaloglu et al., 2021b]. In
previous low-dose PDT studies, the amount of NO release obtained was similar to the outcomes obtained
in this study. Topaloglu et al. obtained a nearly 50% increase in NO release when PDT application was
used at a low level to induce neural cell differentiation [Topaloglu and Bakay, 2022]. However, the increase
in NO release was more remarkable in this study, which was more than 4-fold that of the control group.

In the mechanism of PBM, light is absorbed directly by the mitochondria. This situation causes a
proton gradient across the mitochondrial membrane. Related to this phenomenon, the biostimulation
reactions end up with the hyperpolarization of the mitochondria which is related to the increase in cell
viability. When cell death occurs, depolarization is observed [Topaloglu and Bakay, 2022]. To understand



790 D. PORTAKAL KOG, G. PULAT, N. TOPALOGLU

the mechanism of PBM and low-dose PDT in this study, the MMP changes in HUVECs were visualized
by a JC-1 probe for hyperpolarization/depolarization. As it was shown in Figure 9, hyperpolarization was
more apparent in the experimental groups compared to the control group. As expected, a higher increase
in MMP was observed after the single treatment of PBM application. The reason for this outcome should
be the absorption of light directly by the COX of mitochondria in PBM applications [Topaloglu et al.,
2021a]. The changes in MMP continued with the consecutive light applications and low-dose PDT
provided the same results as PBM did. It showed the importance of the triple light treatment to stimulate
the cells continuously and to get more successful results in terms of cell differentiation. Besides, there was
no indication of depolarization in the mitochondrial membrane which is related to cell death. This was
the proof for PDT applications that did not induce any cell death mechanism, such as apoptosis.

HUVECs can form tube-like structures by expressing angiogenesis-related proteins such as VEGEF,
PECAM-1, and vW{ [Miiller et al., 2002; Yaral1 et al., 2020]. Previous studies that examined the effect of red
and near-infrared light on the expressions of the angiogenic markers showed that these wavelengths
induced the expression of VEGF [Cury et al., 2013; Basso et al., 2013]. Similar results were obtained in this
study, too. Inmunofluorescence staining provided the findings of the increase in the expressions of vWf,
PECAM-1, and VEGF. The expressions of these proteins in PBM and low-dose PDT applications were
greater than in the control group. qRT-PCR analysis of the genes that express vWf, PECAM-1, and VEGF
proteins confirmed the results of immunofluorescence staining. In qRT-PCR analysis, the expressions of
the vWf and PECAM-1genes were evaluated and in general overexpression of these genes was observed
compared to the control group. Especially, the highest increases for both genes were obtained after the
triple light treatment of PDT applications. This finding was in parallel with the findings of other analyses.
In terms of cell viability, tube-like structure formation, intracellular ROS production, and NO release, the
highest changes were always obtained after the triple light applications of low-dose PDT.

5. CONCLUSIONS

Light therapies have numerous beneficial effects. Biphasic dose-response of the cells towards
therapeutic light applications broadens the fields and the purposes of the use of light in medicine
[Topaloglu and Bakay 2022]. With the outcomes of this study, it can be concluded that PBM and low-dose
PDT applications promote the vascularization of HUVECs. Thus, they can be a valuable tool in tissue
engineering to accelerate the wound healing process. Besides, it was seen that PDT, which is commonly
used to treat cancer and infection [Topaloglu et al, 2021b], may also fasten cell
proliferation/differentiation, wound healing, pain relief, etc. via some biochemical reactions inside the
cells by keeping the parameters at low level [Topaloglu and Bakay 2022]. In this study, the therapeutic
outcomes of PBM and low-dose PDT applications on HUVECs were quite similar to each other. Both of
them were successful to induce tube-like structure formation. Nevertheless, low-dose PDT exhibited a
little bit more effective result. Inducing the cellular mechanisms responsible for vascularization and the
behavior of signaling molecules such as ROS or NO with the use of a photosensitizer and its excitation by
an appropriate wavelength seems to be more effective in biostimulation, instead of provoking
mitochondria in PBM. Besides, these light therapies were applied in two different modalities which were
single and triple treatments in this study. Triple light treatments for both PBM and low-dose PDT showed
better results, meaning that consecutive light treatments cause further impulses resulting in ongoing
changes in cellular metabolism. We can also add that 808-nm of wavelength was also beneficial in inducing
vascularization and did not cause any thermal side-effect which is very likely to occur in the infrared (IR)
region, even in the presence of ICG. ICG, as a photosensitizer, did not induce a significant cytotoxic effect
on HUVECs. Thus, they can be safely used without causing any harmful effects on the cells. Since
vascularization is a big challenge in tissue engineering, these therapeutic light applications offer a safe
way to improve and accelerate the wound healing process and the vascularization of the implanted tissue.
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