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ABSTRACT 

Photodynamic therapy (PDT) employs light activation of tissue-localized photosensitizer in an oxygen-dependent 

process which initiates oxidative stress, inflammation, and cell death. Laser systems, which are mostly used in PDT as 

light sources can be costly and oversized. light-emitting diodes (LEDs) equipment has a high potential to simplify 

technical part of phototriggered therapies and to reduce its costs. We develop the LED-based system that includes the 

control and irradiation units. The system provides the same power density at any irradiation point. Among the 

advantages of the device is a possibility to change the irradiation area and tune the irradiation dose. PDT experiments 

with cancer cells in vitro treated with two different photosensitizers demonstrated a possibility to use the developed 

LED-based system as a low-cost light source in PDT. 
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INTRODUCTION 

Photodynamic therapy (PDT) is an effective option for treatment of human malignancies, which involves three 

separately non-toxic components: light, photoactive substance (i.e., photosensitizer, PS) and molecular oxygen [1]–[3]. 

Light sources mostly used in PDT are laser systems, which are frequently technically complicated, costly and oversized 

[4], [5]. The main limitation of diode lasers, which are otherwise very convenient and reliable, is that they are single-

wavelength devices, so that a separate unit is required for each photosensitizer [6], [7]. Introduction of light-emitting 

diodes as light sources in PDT has potential to simplify and significantly reduce cost of equipment, making PDT 

application more convenient for clinical use [8]–[10]. 

The major advantages of LEDs include high power output, capability for illuminating large areas, less hazardous, 

thermally non-destructive, less expensive and readily available [8], [11]. The use of LEDs is expected to promote PDT 

application, since they have a higher portability and extremely lower cost in comparison with lasers (classical PDT light 

sources) [10], [12]. 
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Collateral damage to normal tissue can be minimized by increasing the selective accumulation of a photoactive agent in 

the tumor or other diseased tissue, and by delivering the light in a spatially confined and focused manner. Moreover, 

fractionation of light is a promising tool for the optimization of PDT, in order to select the most effective combination of 

a photoactive agent and the light conditions such as light wavelength and fluence [13], [14] which can be realized using 

sharp spectrum LEDs. 

In this paper, we report the development of LED-based light source, which deliver the same power density at any 

illuminated point. In vitro PDT experiments with cancer cells in vitro treated with two different photosensitizers 

(berberine (Ber) [15], [16] or fullerene C60 [17]) demonstrated a possibility to use the developed LED-based low-cost 

light source in PDT. 

2. MATERIALS AND METHODS

2.1 Light sources 

High power LEDs are available in various colors (red, white, green, blue, yellow, etc.), which can be selected according 

to requirement. In this system, LEDs in the spectral range from 400 to 800 nm, with a power of 5-290 mW, and a beam 

divergence angle of 55-65° can be used.  The fluorescence spectra of LEDs (purchased from Cree Inc., USA) were 

determined using spectrometer Ocean Optics USB4000 (Fig. 1). 

Figure 1. Fluorescence spectra of LEDs 

The irradiation power of LED with the same current were determined by thermal sensor 10AP/N7Z02637 Ophir, Israel 

(Table 1). Taking into account demands of our recent experiments [17], we used two irradiation units with a single high 

power LED chip, 405 nm LED VL400-EMITTER or 515 nm LED APG2C1-515 (both from Roithner Lasertechnik 

GmbH, Vienna, Austria), on a cylindrical heat sink.  

The cascade of lens was designed to ensure high irradiation power density and even illumination for the irradiation spot. 

For the development of the optical cascade we applied an aspherical lens beam (D = 13.0 mm, h = 7.1 mm from Cree 

Inc., North Carolina, USA) for reducing the divergence angle of the, which allowed to focus all light to a second 

spherical lens with 35° (50% int) angle (D = 16.4 mm, h = 5.0 mm from Cree Inc., North Carolina, USA) to collimate 

output LED radiation and increase the power density. The diameter of the resulted collimated beam (and, 

correspondingly, the irradiated area) could be tuned from 25mm to 35 mm by varying the distance between two lenses. 

Therefore, the largest distance can be used for design the largest diameter of irradiation zone. It parameters was used 

also for further requirements of the specification.  
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For LED output power of 130 mW that results in a tunability of the output power density from ~13.5 mW/cm2 to ~ 

26mW/cm2.  The same power density is delivered at any irradiated point.  

Table 1. Information on video and audio files that can accompany a manuscript submission. 

LED Wavelength, nm Current, mA Determining power, mW 

VL400-EMITTER 405 350 290 

APG2C1-515 515 350 150 

C3535MANF1- 

E1H11N 

570 350 100 

XP-E XPERDO-

L1-0000-00701 

620 350 112 

APG2C1-660 660 350 220 

C3535XINA1- 

E1D11N 

850 350 150 

2.2 Chemicals 

RPMI 1640 cell medium, phosphate buffered saline (PBS), Fetal Bovine Serum (FBS), Penicillin/Streptomycin and L-

glutamin were obtained from Biochrom (Berlin, Germany). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT), Hoechst 33342, 2,7-dichlorofluorescin diacetate (DCFH-DA) and Berberine (Ber) was obtained from 

Sigma-Aldrich Co. (St-Louis, USA). Dimethylsulfoxide (DMSO) and trypan blue were obtained from Carl Roth GmbH 

+ Co. KG (Karlsruhe, Germany). The pristine C60 aqueous colloid solution was prepared by C60 transfer from toluene to

water using continuous ultrasound sonication as described by [18].

2.3 Cell culture 

Human cancer T-cell lines CCRF-CEM (ACC 240) and Jurkat (ACC 282) were purchased from the Leibniz Institute 

DSMZ-German Collection of Microorganisms and Cell Cultures (Deutsche Sammlung von Mikroorganismen und 

Zellkulturen). Cells were maintained in RPMI 1640 medium, supplemented with 10% FBS, 1% Penicillin/Streptomycin 

and 2 mM Glutamine. Cells were cultured in 25 cm2 culture flasks at a 370C with 5% CO2 in a humidified incubator 

Binder (Tuttlingen, Germany). The passaging was performed once cells reached ≈ 80%. The number of viable cells was 

counted upon 0.1% trypan blue staining with a Roche Cedex XS Analyzer (Basel, Switzerland).  

2.4 Cell viability assay 

Cells were cultured in 96-well cell culture plates Sarstedt (Nümbrecht, Germany) for 24 h after seeding (104 cells/well). 

Then, the cell culture medium was replaced with medium containing Ber or C60 and cells were incubated for other 24 

hrs. After 24 h incubation cells were washed with PBS and cells were irradiated with the developed LED-based system 

(405 nm; 108.3 mW/cm2; 2, 2.5, 5, 10 or 25 J/cm2). PBS was replaced with the fresh medium immediately after 

irradiation. Control cells were incubated without any treatment or light irradiation. After 24 h ofincubation, cell viability 

was determined with colorimetric assay [19].   

2.5 Statistics 

All experiments were carried out with a minimum of three replicates. Data analysis was performed with the use of the 

GraphPad Prism 7 (GraphPad Software Inc., USA). Paired Student’s t-tests were performed. Differences values p<0.01 

were considered to be significant. 
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Figure 2. Construction scheme of the LED-based light source:  spherical and aspherical lenses, LED, heated sink, wirings to 

power splay  

A 3D model of mounting carcass was designed in 3D printer software (SOLIDWorks, Dassault Systems, MA, USA). 

The mounting carcass parts have been 3D-printed with polylactic acid at Ultimaker 2+ 3D printer (Utrecht, Netherlands). 

Other models of 3D printers are also possible to use. The plastic mounting carcass is composed of five parts that have 

been assembled according to Fig. 2.  

Figure 3. Plastic parts of LED light source: a – main views, b – cross section, c – extended view; d – photo of 3D printed plastic 

modeled-based light source.   

The developed light source grants an opportunity to vary the evenly irradiated area; this is a major advantage of the 

system. The same power density is provided at any irradiated point, allowing for accurate and even delivery of the 

irradiation dose. As shown in the Figure 4 the relatively uniform distribution of power density was received (for the level 

0.7). Measurements were performed on a specially equipped optical stand using the power meter device OMS-65 

(Ukraine) with optical fiber (SMA-905, 1.5 mm, NA = 0.5). Consequently, the optical elements greatly increase the 

efficiency of using LEDs irradiation and help to collimate irradiation in a narrower beam. 

3. RESULTS AND DISCUSSION

The Figure 2 shows a scheme of the developed LED-based light source. It consists of heat sink, LED and optical system. 
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Figure 4. Power density distribution of LED-based light source after the optical lenses 

To demonstrate the applicability of LED-based light source in PDT, experiments with PDT agents (Ber or C60 fullerene) 

treating cancer cells in vitro was conducted. The performance tests prove that the LED-based light source provides an 

adjustable, stable, wavelength-specific, homogeneous and large-area illumination for in vitro applications.  

Figure 5. In vitro PDT of CCRF-CEM cells with Ber and 405 nm LED: a – Viability of CCRF-CEM cells, treated with 0-1.3 

µM Ber and irradiated with 5 J/cm2 405 nm LED, *p ≤ 0.01 in comparison with the dark control; b – Morphological 

characterization under phase contrast microscopy of CCRF-CEM cells, treated with 0-0.5 µM Ber and irradiated with 5 

J/cm2 405 nm LED, scale bar 100 µm, black arrows point apoptotic bodies. 
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The viability of CCRF-CEM cells, exposed to Ber at concentration ranging from 0 to 1.3 µM in combination with 405 

nm LED light irradiation was evaluated using MTT assay; the MTT results are shown in Fig. 5a. A considerable 

attention has been paid to identify Ber inhibiting potential on cancer cell [20]–[22]. Ber effect towards human leukemic 

CCRF-CEM cells was found to exhibit a dose- and time-dependent cytotoxicity in concentrations ≥ 3µM. In the current 

study Ber concentrations from 0 to 1.3 µM with none dark toxicity were chosen to assess its possible photosensitizing 

activity in vitro. 

No significant effect of Ber introduced alone towards leukemic cell viability was detected, while the concentration-

dependent toxic effect of the Ber under 5 J/cm2 405 nm LED light irradiation was observed (Fig. 5a). Thus, photoexcited 

0.1 and 0.5 µM Ber decreased CCRF-CEM cell viability to 69 ± 4% and 37 ± 4% correspondingly. As shown on Figure 

5B, CCRF-CEM cells, exposed to photoexcited 0.1 and 0.5 µM Ber, demonstrated a decrease of viable cells. Apart from 

the decreased cell number there were detected also visible changes in cell morphology. Thus, intense cell shrinkage and 

appearance of apoptotic bodies (Fig. 5b, black arrows) suggested apoptosis induction. Obtained data demonstrated that 

Ber treatment with 5 J/cm2 405 nm LED light irradiation exhibited significant cytotoxic effects against human leukemic 

cells. 

405 nm LED light irradiation was detected to have a slight effect on Jurkat cell viability (Fig. 6). Thus, 10 and 25 J/cm2 

light irradiation decreased cell viability to 89 ± 6 % and 76 ± 5 % correspondingly. Photoexcited C60 exhibited a 

pronounced toxic effect towards Jurkat cells that was dependent on the light fluence (Fig. 6). Cell viability was 

decreased to 60 ± 5 % and 38 ± 4 % under combinative treatment of C60 and 405 nm LED light irradiation at 10 and 25 

J/cm2 respectively. 

 Figure 6. In vitro PDT of Jurkat cells with 20 µM C60 and 405 nm LED, *p ≤ 0.01 in comparison with the dark control. 

CONCLUSIONS 

In vitro PDT experiments with human leukemic cancer cells treated with Ber or C60 fullerene photosensitizers 

demonstrated the usability of the developed LED-based system for exciting the PS internalized by cells and inducing the 

PDT effect followed by cell death. The system was shown to provide the same power density at any irradiation point, 

allowing for accurate calculation and selection of the irradiation dose. We conclude that the developed LED-based 

system, which is low-cost and portable is a promising light source for application in PDT. 
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