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Abstract: Phototoxicity is a chemically induced skin irritation in the presence of sunlight. 

Phototoxic substances after irradiation with sunlight absorb and convert light energy into 

chemical energy, leading to the formation of highly reactive oxygen species with toxic 

effects. Recently LED technologies made possible their application for novel effective solar 

simulators, to be used in biology and medicine. We study the possibilities of application of 

LED sunlight simulator (Helios-iO, model LE-9ND55-H – 5500K) for in vitro testing of 

synthetic and natural products for phototoxicity. Cytotoxicity/phototoxicity was assessed by 

validated BALB/3T3 clone A31 Neutral Red Uptake Assay. The morphological alterations in 

BALB/3T3 cells induced by the Radachlorin® and irradiated with dose 2.4 J, were analyzed 

by fluorescent microscopy. The physical characteristics of the lamp were determined and the 

intensity distribution of the LED light over a model of a 96-well plate at a distance of 25 cm 

from the lamp diode matrix center was estimated. The obtained results show that the light 

emitted by the solar simulator used is similar to the natural sun light. The biological testing 

results reveal the high efficiency of the solar simulator in an in vitro experimental system for 

phototoxicity testing. 

 

Keywords: LED Solar Simulator, Phototoxicity, in vitro. 

 

Introduction 
Phototoxicity is a chemically induced skin irritation in the presence of sunlight [26]. 

Phototoxic compounds can be applied topically to the skin or by systemic circulation when 

administered orally or parenterally [5, 17]. In both cases of application in the presence of 

light, the symptoms are similar to sunburn [25]. Phototoxic substances, when irradiated with 

sunlight, absorb light energy and convert it into chemical energy, resulting in the formation of 
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highly reactive oxygen species (ROS) that cause toxic effects [21]. Many synthetic 

substances, including drugs such as tetracyclines, sulfonamides, photosensitizers and others 

may cause phototoxic effects [16]. In addition, many natural products of plant origin  

(some essential oils, plant extracts and pigments) are known to cause photodermatitis [23]. 

Recently, newly synthesized substances and natural products are increasingly used in 

pharmacy, medicine and cosmetics, and they must be tested for side effects, including 

phototoxicity. Due to the unstable characteristics of sunlight related to geographical location, 

seasonality, daily cycles, etc., it is necessary to use artificial light sources that simulate the 

physical characteristics of natural sunlight. There is a wide variety of artificial light sources 

(solar simulators) that can be successfully used to test new substances for phototoxicity, both 

in vitro and in vivo. The most commonly used light sources are: carbon arc lamp, halogen arc 

lamp, quartz tungsten halogen lamp, xenon arc lamp, mercury xenon lamp, argon arc lamp 

and diode or LED lamp (light-emitting diode lamp) [2, 3, 18]. Sunlight simulators must meet 

a number of requirements: light spectrum, lighting homogeneity, light flux stability and 

power. With the advancement and improvement of diode technology, diode simulators of 

sunlight are increasingly used [13]. Diode simulators have a number of advantages: easily 

portable with small size and weight, widely available (low cost), low heat radiation, low 

energy consumption, stable spectrum during operation, etc. [4, 14]. 

 

The aim of the present study was to investigate the possibilities of application of  

a LED sunlight simulator (Helios-iO, model LE-9ND55-H – 5500K) for in vitro testing of 

synthetic and natural products for phototoxicity. 

 

To test the effectiveness of the solar simulator we used reference chemicals (phototoxic/non-

phototoxic drugs). As a model of a highly phototoxic, synthetic substance, we used acridine 

orange, which is used as fluorochrome in fluorescence microscopy [15]. As a model of a 

weakly phototoxic compound with natural origin, we used the photosensitizer Radachlorine, 

often used in photodynamic therapy of cancer, psoriasis and others diseases [20, 22].  

As a negative control (not-phototoxic substance with natural origin) we used geranium 

essential oil, which is widely used in cosmetics, pharmacy, medicine and others [7]. 

 

Materials and methods 

Light source 
The light source used is a light emitting diode (LED) matrix – an artificial solar light 

simulator Helios-iO, model LE-9ND55-H – 5500K (SERIC Ltd., Tokyo, Japan).  

The lamp spectrum was registered using an Ocean Optics spectrometer, model HR4000 

(Ocean Optics Inc., Florida, USA) with optical spectral resolution 0.03 nm (full width at half 

maximum, FWHM). The radiation flux power of the lamp was measured by a pyranometer 

Hukseflux (thermosensors model SR05-A1) whose sensitivity is 14 µV/(W/m2). An optical 

power meter PM 100D with sensor S120VC (Thorlabs Inc., North Newton, Kansas, USA) 

was used to determine the output light power distribution of the lamp. Its operating range in 

wavelength is 200-1100 nm, and in power from 50 nW to 50 mW. The linearity of the sensor 

is ± 0.5% and the measurement uncertainty for the operating optical range (280-980 nm) is 

less than ± 5%. The diameter of the sensor aperture is 9.5 mm. 

 

Chemicals 
Reference chemicals (phototoxic/non-phototoxic drugs): acridine orange (Loba chemie Ltd., 

Fischamend, Austria), radachlorin® (Rada-Pharma Ltd., Moscow, Russia) and geranium 

essential oil (provided by Assoc. Prof. Ilian Kolev, Ph.D., Medical University of Varna, 

Bulgaria). Dyes for cell staining: Mayer’s hematoxylin, Eosin Y and Propidium iodide, were 
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purchased from Sigma-Aldrich, Schnelldorf, Germany. Cell culture reagents:  

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), antibiotics 

(penicillin and streptomycin), the disposable consumables were supplied by Orange 

Scientific, Braine-l’Alleud, Belgium. 

 

Cell line 
The BALB/3T3 clone A31 (mouse embryo fibroblasts) cell line was obtained from American 

Type Cultures Collection (ATCC, Manassas, Virginia, USA). 

 

Methods for determining the physical characteristics of the emitted light 
The pyranometer was centered below the lamp, at the operating distance of 25 cm.  

Although the diffuse natural solar light in the room was rather low (around 1.16 W/m2),  

the measurements were performed in dark conditions. 

 

The method for estimating the optical power distribution over the cell plate requires pre-

setting of the measured wavelength in the power meter. For this reason, we used a green filter 

whose transmission spectrum was also registered with the spectrometer and compared with 

the lamp spectrum. During the power measurements, the filter was placed in front of the 

power meter sensor, and the center of the filter transmission spectrum was set as the operating 

wavelength for the power meter. This makes it possible to obtain reliable results in terms of 

power reading for the green light through the filter. To obtain the value of the total white light 

intensity, we integrated the area under the filter transmission spectrum and compared it with 

the integral area under the lamp emission spectrum. 

 

Cytotoxicity and phototoxicity testing 
BALB/3T3 cells were cultured in 75 cm2 tissue culture flasks in DMEM, 10% FBS,  

2 mM glutamine and antibiotics (penicillin 100 U/ml and streptomycin 100 µg/ml) at 37 °C, 

5% CO2 and 90% relative humidity. Cytotoxicity/phototoxicity was assessed by validated 

BALB/3T3 clone A31 Neutral Red Uptake Assay (3T3 NRU test) [9, 11]. Briefly, cells were 

plated in a 96-well microtiter plate at a density of 1 ×104 cells/100 µl/well and were incubated 

for 24 h. A wide concentration range of the test compounds was applied. In phototoxicity 

tests, 96-well plates were irradiated with dose 2.4 J/cm2 and the cells were incubated for 

additional 24 h. After treatment with Neutral Red medium, washing and treatment with the 

Ethanol/Acetic acid solution, the absorption was measured on a TECAN microplate reader 

(TECAN, Grödig, Austria) at wavelength 540 nm. 

 

Cytotoxicity/phototoxicity were expressed as CC50 / PC50 values (concentrations required for 

50% cytotoxicity/phototoxicity), calculated using non-linear regression analysis (GraphPad 

Software, San Diego, California, USA). The CC50 values can be used to calculate  

the PIF (Photo-Irritancy Factor) for each test substance, according to the following formula: 

 

PIF = Cytotoxicity (CC50) / Phototoxicity (PC50) 

 

The statistical analysis included application of One-way ANOVA followed by Bonferroni’s 

post hoc test. p < 0.05 was accepted as the lowest level of statistical significance. All results 

are presented as mean ± SD. 

 

Fluorescent microscopy 
The morphological alterations in BALB/3T3 cells induced by the Radachlorin® and irradiated 

with dose 0.65 J, were analyzed by fluorescent microscopy. BALB/3T3 cells were cultured on 
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13 mm diameter cover glasses in 24-well plates and were treated with Radachlorin® in 

concentrations approximating the PC90, PC50 and PC10 value established by the NRU test.  

24-well plates were irradiated with dose 2.4 J/cm2 and the cells were incubated for  

additional 24 h. 

 

Acridine orange (AO) and Propidium iodide (PI) (live/dead) staining was performed as 

previously described [27]. The cells were stained with the fluorescent dyes AO (5 µg/ml) and 

PI (5 µg/ml) in PBS and mounted on microscope slides. Stained cells were visualized and 

examined under a fluorescence microscope (Leica DM 5000B, Wetzlar, Germany). 

 

Results 
Determining the characteristics of the solar simulator 
The radiation flux power was measured 6 times and the average value obtained was 

40.98 W/m2. 

 

The solar simulator spectrum, together with the natural solar spectrum, measured with the 

spectrometer, is presented in Fig. 1. As can be seen, the two spectra are very similar, except 

for the near UV-range, which is practically absent in the artificial solar light. 
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Fig. 1 Spectral comparison  

of the solar simulator LE-9ND55-H and natural solar light 

 

As mentioned, the measurement of the optical power requires pre-setting of the measured 

wavelength in the power meter. For this reason, we used a green filter whose transmission 

spectrum was also registered with the spectrometer and compared with the lamp spectrum. 

The results from this measurement are presented in Fig. 2. 
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Fig. 2 Spectral comparison of the emission of the solar simulator LE-9ND55-H (black curve) 

and its transmission through the green filter (red curve) 

 

The analysis of the transmission profile shows that it has a Lorentzian shape with a central 

wavelength of 525 nm and full line width at half maximum (FWHM) of 60 nm. As can be 

seen, besides acting as a band-pass filter, the green filter also decreases the total intensity 

within the transmission band. For the central wavelength of 525 nm, this decrease in the input 

light power is 2.36 times. We performed a numerical integration of the filter transmission 

profile and compared it with the area integration of a Lorentzian profile with the same 

linewidth but with amplitude corresponding to the amplitude of the solar simulator light  

(i.e., 2.36 times higher). The area ratio is 2.35 times, which shows that the Lorentzian 

lineshape of the filter transmission profile is a good approximation. 

 

In order to check the homogeneity of the power distribution, we measured the light power at a 

vertical distance 25 cm from a 96-well plate (i.e. between the center of the diode matrix and 

the point between wells 6-7 and D-E). The power density was calculated using the value for 

the aperture of the power meter sensor. The area of the curve under the total LED spectrum is 

6.84 times larger than the area under the Lorentzian transmission profile of the green filter, 

and this value was used as a correction factor for the green-to-total power density conversion. 

 

The total power density distribution over the plate wells is presented in Fig. 3. The irradiation 

of the edge wells is ca. 30% lower than that of the central well, namely 4.04 mW/cm2 for the 

central plates and 2.9 mW/cm2 for the edges. To decrease this difference, we use the central 

(2-11) columns of the place, yielding a variation of ca. 20% in the irradiation dose. We should 

point out the excellent correspondence of the power density values obtained with the 

pyranometer and using the method of numerical integration of the spectral curves. 

 

According to this distribution, for exposition times of 10 min, the obtained dose is 2.4 J/cm2 

in the plate center and 1.7 J/cm2 at the edges. 

 

Testing of the solar simulator in in vitro experiments 
In order to be validated, the solar simulator had to be tested in laboratory conditions to 

determine phototoxicity according to a standard protocol [19]. The tests were performed on 
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known and well-characterized substances (acridine orange, radachlorine and geranium 

essential oil) under in vitro conditions. In the in vitro experiments, we used as a model of 

healthy tissue, mouse embryonic fibroblasts (BALB/3T3), as a standard for testing of 

phototoxic substances. The results of the cytotoxicity and phototoxicity tests show that the 

observed effects are of the dose-dependent type (Fig. 4). 
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Fig. 3 Distribution of the light power density over a 2D model of a 96-well plate  

for a distance between the center of the diode matrix and the plate center equal to 25 cm 
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Fig. 4 Cito- and phototoxicity determined in the BALB/3T3 cell line:  

A) acridine orange; B) radachlorine, and C) geranium essential oil. 
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Based on the obtained sigmoidal, dose-response curves, the mean IC50 values for the cytotoxic 

and PC50 for the phototoxic effects caused by the test substances on the BALB/3T3 cell line 

were calculated (Table 1). 
 

Table 1. IC50/PC50 values of mean and PIF 

Cell Line Compounds 
CC50 (PC50) ± SD (μg/ml) 

PIF* 
Cytotoxicity Phototoxicity 

BALB 3T3 

Acridine orange 5.51 ± 0.33 0.14 ± 0.06 39.36 

Radachlorine 220.8 ± 16.21 29.79 ± 1.43 7.41 

Geranium essential oil 91.54 ± 1.1 91.4 ± 1.43 1 
*PIF – photo-irritancy factor, PIF < 2 – not phototoxic,  

5 > PIF ≥ 2 – probable phototoxicity, PIF ≥ 5 – phototoxic. 

 

Extremely strong phototoxic effect is observed with AO (PC50 = 0.14 ± 0.06 µg/ml). In the case 

of radachlorine, the phototoxic effect is significantly weaker (PC50 = 29.79 ± 1.43 µg/ml), while 

in the case of geranium oil such effect is practically not observed (CC50(PC50) = 91 µg/ml).  

The PIF evaluates the phototoxicity of the test substance (Table 1). In addition, the PIF can be 

used to compare the phototoxicity of different substances. The PIF for geranium oil is a 1, 

which is characteristic of non-phototoxic substances. The other two substances AO and 

radachlorine had a stronger phototoxic effect with PIF = 39 and 7, respectively. 

 

Fluorescence analysis 
We used fluorescence microscopy to more accurately determine the processes of apoptosis 

and cell death that occurred as a result of treatment with radachlorine and subsequent 

illumination with the solar simulator. Cells were visualized by double staining with acridine 

orange and propidium iodite (Fig. 5). 

 

 
Fig. 5 Fluorescence analysis of radachlorine-treated BALB/3T3 cell culture at concentrations: 

A) PC90, B) PC50, C) PC10, and D) negative control (untreated cells).  

The cell culture was illuminated for 10 minutes with the solar simulator.  

Double staining with аcridine orange/propidium iodide; 

white arrows – cells in final stages of apoptosis;  

blue arrow – cells in initial stages of apoptosis. 
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Through this method the different stages of apoptosis can be evaluated: cells with light green 

fragmented nuclei – initial stages of apoptosis, cells with orange-red nuclei – advanced stages 

of apoptosis, cells with condensed dark red nuclei – final stages of apoptosis.  

At a concentration of radachlorin PC90 (Fig. 5A) we observe many small dark red fragments 

of cell nuclei (white arrow) and several green cells in the initial stages of apoptosis.  

At a concentration of PC50 (Fig. 5B) we observe cells in the initial and advanced stages of 

apoptosis (blue and white arrow, respectively). At a concentration of PC10 (Fig. 5C), apoptotic 

cells and cells with normal morphology were observed. 

 

Discussion 
In order to be validated, the solar simulator had to be tested in laboratory conditions to 

determine phototoxicity according to a standard protocol. The tests were performed on known 

and well-characterized substances under in vitro conditions. The test substances were selected 

to cover a wide range of synthetic and natural products used in science, cosmetics, pharmacy 

and medicine. Acridine orange is a synthetic compound with very high phototoxicity [24]. 

AO used in fluorescence microscopy serves as a nucleic acid-selective fluorescent dye [6]. 

The essential oil of geranium, on the other hand, is a natural product that is not phototoxic. 

For this reason, this oil is a valuable component of many cosmetic and pharmaceutical 

products. Radachlorine is a second-generation photosensitizer with low phototoxicity and 

high photodynamic activity [8]. Radachlorine was isolated from microalgae and is widely 

used in photodynamic therapy of various diseases [10, 12]. In in vitro experiments, as a model 

of healthy tissue we used mouse embryonic fibroblasts (BALB 3T3), as a standard for testing 

phototoxic substances. The results of the cytotoxicity and phototoxicity tests show that the 

observed effects are of the dose-dependent type. Extremely strong phototoxic effect is 

observed with acridine orange. In the case of radachlorine, the phototoxic effect is 

significantly weaker, while in the case of geranium oil such effect is practically not observed. 

This confirms in practice the literature data on the phototoxicity of the substances acridine 

orange and radachlorine. From this we can conclude that the tested light source is suitable for 

phototoxicity testing in vitro. Due to its extremely high phototoxicity, acridine orange can be 

used as a positive control, which is an indicator of the correct implementation of the 

phototoxicity determination protocol. 

 

We used fluorescence microscopy to more accurately determine the processes of apoptosis 

and cell death that occurred as a result of treatment with radachlorine and subsequent 

illumination with the solar simulator. At high concentrations of radachlorine we observed 

cells in advanced stages of apoptosis and fragments of dead cells. With a decrease in the 

concentration of radachlorine we observed a decrease in apoptotic cells. Similar results were 

observed in other radachlorine-treated cell lines [1, 19]. These results show that irradiation 

with the solar simulator leads to a significant increase in the toxicity of radachlorine.  

This is a direct evidence of the ability of the solar simulator to cause a phototoxic effect in  

an in vitro model system. 

 

Conclusion 
The recorded spectrum of the emitted light from the solar simulator Helios-iO, model  

LE-9ND55-H – 5500K has a great similarity with the spectrum of natural sunlight.  

In addition, the power of the emitted light is quite sufficient to cause a phototoxic reaction in 

photosensitive compounds. The power density distribution at 25 cm from the center of the 

diode array is relatively uniform, with the difference between the center and edge of the plate 

being reduced to about 20% by utilizing the central 10 columns of wells. The inhomogeneity 

could be further reduced to 10% by placing the plate at a distance of 35 cm from the  
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LED matrix center and excluding the end columns. The decrease in power in this case is less 

than 3 times, yielding about 30 min of irradiation for the same dose as used in our 

experiments. These data indicate that this light source can be used in phototoxicity tests using 

standard platelets for cell culture. 

 

The second part of the results obtained from real biological experiments under in vitro 

conditions qualitatively prove the suitability and effectiveness of the tested light source for 

performing phototoxicity tests. Moreover, the observed mechanism of cell death (apoptosis 

and nonspecific necrosis) at different concentrations of the phototoxic substance radachlorine 

is fully consistent with the literature data. All this shows a high reproducibility of the results 

described in the literature for other, often used in practice light sources. 
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