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The effects of violet and blue light 
irradiation on ESKAPE pathogens 
and human cells in presence of cell 
culture media
Richard Bauer1, Katharina Hoenes2, Tobias Meurle2, Martin Hessling2 & 
Barbara Spellerberg1*

Bacteria belonging to the group of ESKAPE pathogens are responsible for the majority of nosocomial 
infections. Due to the increase of antibiotic resistance, alternative treatment strategies are of high 
clinical relevance. In this context visible light as disinfection technique represents an interesting 
option as microbial pathogens can be inactivated without adjuvants. However cytotoxic effects of 
visible light on host cells have also been reported. We compared the cytotoxicity of violet and blue 
light irradiation on monocytic THP-1 and alveolar epithelium A549 cells with the inactivation effect 
on ESKAPE pathogens. THP-1 cells displayed a higher susceptibility to irradiation than A549 cells 
with first cytotoxic effects occurring at 300 J  cm−2 (405 nm) and 400 J  cm−2 (450 nm) in comparison to 
300 J  cm−2 and 1000 J  cm−2, respectively. We could define conditions in which a significant reduction 
of colony forming units for all ESKAPE pathogens, except Enterococcus faecium, was achieved at 
405 nm while avoiding cytotoxicity. Irradiation at 450 nm demonstrated a more variable effect which 
was species and medium dependent. In summary a significant reduction of viable bacteria could be 
achieved at subtoxic irradiation doses, supporting a potential use of visible light as an antimicrobial 
agent in clinical settings.

Due to increased numbers of antibiotic resistant bacterial infections in hospital  settings1, alternative treatment 
strategies are attracting increased attention in the medical field. Besides  bacteriophages2,  nanoparticles3, anti-
microbial  peptides4 and antibiotics in combination with  adjuvants5, photodynamic therapies and light based 
approaches are a major focus of current investigations.

Disinfection techniques based on visible light irradiation comprise multiple beneficial characteristics includ-
ing lower toxicity compared to UV  light6, no need for the addition of exogenous photosensitizers and a low risk of 
resistance  development7,8. Microbial inactivation through visible light is based on photo-excitation of intracellular 
photosensitizers. These molecules absorb photons of a certain wavelength which induces an oxygen dependent 
photo-excitation reaction within the bacterial  cell9. The generated reactive oxygen species subsequently dam-
age multiple intracellular  targets10–14. Especially violet and blue light irradiation was thoroughly investigated in 
clinical trials for the treatment of acne  vulgaris15 and Helicobacter pylori stomach  infections16,17. Furthermore, 
multiple murine in vivo studies demonstrated the potential of visible light (405–425 nm) for the treatment of 
wound infections and  keratitis7,18–21. Visible light of 405 nm was shown to be the most effective wavelength in 
regard to bacterial  inactivation22,23, a wavelength correlating with the absorption peak of  porphyrins24,25. At 
450 nm flavins are considered as photosensitizers and lead to a considerable microbial inactivation, although 
the overall effect is less pronounced than at 405 nm  irradiation23,26–28.

Besides the antimicrobial effect, cytotoxicity of human cells is a major concern for clinical applications. Simi-
lar to the effect in bacterial cells, visible light irradiation can lead to the generation of ROS in human  cells29–31. 
However, only a few publications directly compared the effect of visible light irradiation on human and bacterial 
cells. Dai and coworkers compared the survival of keratinocytes to the inactivation of Staphylococcus aureus and 
Pseudomonas aeruginosa in two separate studies with 415 nm irradiation. Both studies showed the presence of a 
therapeutic window for light application as the keratinocytes survived the irradiation with a dose of 109.9 J  cm−2 
and 170 J  cm−2, whereas P. aeruginosa and S. aureus cell densities were reduced by several log  levels18,19. Similar 
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effects were observed comparing the survival of keratinocytes and Candida albicans or Acinetobacter baumannii, 
 respectively7,20. Concerning 405 nm irradiation, a higher sensitivity of bacterial species was reported in compari-
son to osteoblasts and  fibroblasts32–34. Overall, the cytotoxicity in human cells seems to be dose  dependent32,35 
and light in the violet range induces higher toxicity than blue  light36.

We previously investigated the mechanism of action of microbial photoinactivation and compared the 
sensitivity of the ESKAPE pathogens and closely related non-pathogenic species against violet and blue light 
 irradiation13,26. Here, we report on the potential cytotoxicity of violet and blue light during a prolonged irradia-
tion of human cells that was, to the best of our knowledge, so far not tested. Most current setups of cytotoxicity 
investigations use human cells that are kept in phosphate buffered saline (PBS) for a short time during the course 
of the irradiation. In this study cytotoxicity of 405 nm and 450 nm irradiation was determined for monocytic 
THP-1 cells and the alveolar epithelium cell line A549, in irradiation experiments exceeding 22 h. To be able to 
compare the effects of visible light on bacterial species and human cells, all experiments were conducted under 
identical conditions in cell culture medium.

Methods
Bacterial strains and cultivation. The bacterial strains used in this study are summarized in Table 1. 
Escherichia coli and A. baumannii were incubated in LB-Miller medium (10 g/l tryptone (Gibco, Detroit, MI), 
5 g/l yeast extract (BD, Sparks, MD), 10 g/l sodium chloride (AppliChem, Darmstadt, Germany)). The remain-
ing four species were incubated in THY broth (36.4 g/l Todd–Hewitt Broth (Oxoid, Basingstoke, UK), 5 g/l yeast 
extract (BD, Sparks, MD)).

Human cell lines and culture conditions. The monocytic cell line THP-1 and alveolar epithelium cell 
line A549 were used to quantify the toxicity of the irradiation on human cells. Both cell lines were incubated at 
37 °C in a 5%  CO2 atmosphere in ambient humidified air. THP-1 cells were grown in RPMI 1640 (Gibco™ RPMI 
1640 Medium, GlutaMAX™, Life Technologies Limited, Paisley, UK) containing phenol red, supplemented with 
0.01 M HEPES Buffer (PAN-Biotech, Aidenbach, Germany), 10% v/v fetal bovine serum (FBS superior stabil, 
Bio&Sell, Feucht, Germany) and 0.2% v/v 2-mercaptoethanol (SERVA Electrophoresis, Heidelberg, Germany). 
The A549 cells were incubated in DMEM medium (DMEM, high glucose, Life Technologies Limited, Pais-
ley, UK) containing phenol red, supplemented with 10% v/v fetal bovine serum (FBS superior stabil, Bio&Sell, 
Feucht, Germany) and 1 mM sodium pyruvate (Life Technologies Limited, Paisley, UK). Both cell culture media 
were supplemented with 1% v/v Penicillin–Streptomycin (PAN-Biotech, Aidenbach, Germany).

Irradiation setup. Two different irradiation setups were tested, one with a peak wavelength of 405  nm 
(Nichia NVSU233B SMD-LED, Nichia corp., Anan, Japan) and one in the blue range at 450 nm (Cree XP-E2 
SMD-LED XPEBRY-L1-0000-00N01,Cree Inc., Durham, NC). Six LEDs each were incorporated in a highly 
reflective hollow pyramid as described  before26. An intensity of 20 mW  cm−2 was applied and verified with an 
optical power meter OPM150 (Qioptiq, Göttingen, Germany). The pyramid was placed on top of a 24-well plate 
containing the samples and the whole setup was incorporated in an incubator ensuring a constant temperature 
of 37 °C and a 5%  CO2 atmosphere in ambient air.

Bacterial irradiation. E. coli and A. baumannii were incubated at 37 °C on a rotary shaker and the remain-
ing strains were cultured at 37 °C in the presence of 5%  CO2 in ambient air in an incubator. Mid-exponentially 
grown bacteria were harvested by centrifugation at 13,000g for 1 min. The bacterial pellet was washed once in 
either RPMI or DMEM medium without antibiotics followed by dilution to the desired density of 5 ×  107 colony 
forming units per ml (cfu  ml−1). 300 µl of the bacterial suspensions were added into each well of a 24-well plate. 

Table 1.  Bacterial strains used in the study and their resistance pattern. *26; **55.

Species Strain Resistance Source

E. coli BSU1286* ESBL Clinical isolate, Ulm collection

S. aureus ATCC43300 MRSA ATCC 

K. pneumoniae ATCC700603 ESBL ATCC 

A. baumannii ATCC19606 – ATCC 

P. aeruginosa ATCC27853 – ATCC 

E. faecium DSM17050 VRE DSMZ

P. aeruginosa BSU1295** – Clinical isolate, Ulm collection

P. aeruginosa BSU1296 – Clinical isolate, Ulm collection

P. aeruginosa BSU1297 – Clinical isolate, Ulm collection

P. aeruginosa BSU1298 – Clinical isolate, Ulm collection

S. aureus DSM 26309 – DSMZ

S. aureus ATCC29213 – ATCC 

S. aureus ATCC13565 – ATCC 

S. aureus ATCC25923 – ATCC 
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A separate plate was set up which served as negative control to check for the growth of the non-irradiated 
bacteria. The cfu  ml−1 was determined for each well in the beginning of the experiment by plating dilutions of 
the bacterial suspension on sheep blood agar plates (TSA + SB, Oxoid, Basingstoke, UK). The sample plate was 
placed together with the irradiation pyramid into the incubator and samples were drawn in certain time inter-
vals to quantify the surviving bacteria by plating dilutions on sheep blood agar plates. After incubation for 24 h 
at 37 °C in a 5%  CO2 atmosphere, the bacteria were enumerated and the survival of the bacteria was calculated 
in comparison to the starting cfu  ml−1. For each experiment three biological replicates with each three technical 
replicates were performed.

Toxicity measurement. The LDH Cytotoxicity Detection Kit (Takara Bio, Kusatsu, Japan) was used to 
measure the survival of irradiated human cells. The lactate dehydrogenase is a stable enzyme that is released 
from human cells upon plasma membrane damage and thus the enzyme activity in the cell free supernatant 
reflects the amount of damaged cells. The assay was performed according to the instruction of the manufacturer. 
Briefly, 1 ml of THP-1 cells with a density 1 ×  106 cells  ml−1 was seeded into the wells of two 24-well plates. One 
plate served as negative control and was incubated in a metal box in the same incubator as the irradiated plate. At 
certain time intervals the samples were collected and centrifuged at 400g for 5 min followed by the measurement 
of the LDH activity in the supernatant. As positive control TritonX-100 (1% in RPMI medium) was used and 
RPMI medium without cells served as negative control. For the determination of the survival of A549 cells, 1 ml 
of 8 ×  104 cells  ml−1 were seeded into 24-well plates. After an incubation of 24 h at 37 °C in a 5%  CO2 atmosphere, 
one plate was transferred into the irradiation setup and the negative control plate was placed into a metal box in 
the same incubator. At selected time intervals, 500 µl of the medium was discarded and 500 µl of fresh DMEM 
medium or DMEM medium containing 2% TritonX-100 (final concentration 1%) was added to each sample. 
The samples were collected and centrifuged for 5 min at 400g followed by the determination of the LDH activity 
according to the instructions of the manufacturer. The cytotoxicity is depicted as % of the positive control and 
each time point was repeated in three biological experiments with three technical replicates each. A cytotoxic 
effect is proposed for samples exceeding 10% dead cells, the highest amount measured in control samples.

THP-1 infection assay. THP-1 cells were seeded in a density of  106 cells per well in 6-well tissue culture 
plates and were incubated for 24 h in the presence of 50 ng  ml−1 Phorbol-12-myristat-13-acetat (PMA) to gener-
ate adherent macrophages, as previously  described37. For the infection procedure the THP-1 cells were washed 
two times with RPMI 1640 medium without antibiotics. Mid-exponentially grown bacteria were harvested 
by centrifugation and washed once in RPMI medium without antibiotics.  106 bacterial cells were incubated 
together with  106 stimulated THP-1 cells (multiplicity of infection [MOI] 1:1) for 1 h at 37 °C in the presence 
of 5%  CO2 in ambient air. Afterwards the plate was either irradiated with 405 nm light with a dose of 25 J  cm−2 
or incubated in the dark. The medium was collected and the stimulated THP-1 cells were lysed by the addition 
of 1% Triton-X 100 in  ddH2O. As growth control, bacteria were incubated in the absence of stimulated THP-1 
cells for the course of the experiment. To be able to enumerate the total bacterial number that survived the pro-
cedure, dilutions of the mixture were plated on sheep blood agar plates and incubated for 24 h at 37 °C in a 5% 
 CO2 atmosphere. The results are illustrated as percent survival of the respective sample in comparison to its not 
irradiated control.

Statistical analysis. Statistical significance was tested using the Welch two-sample t test on log-trans-
formed data. The hypothesized mean difference was assumed to be zero. P values of less than 0.05 were consid-
ered statistically significant.

Results
Irradiation effect on human cell lines. To assess the immediate cytotoxicity of blue and violet light irra-
diation on THP-1 and A549 cells, LDH activity in culture supernatant was measured (Fig. 1). Cells incubated in 
the dark served as negative control and resulted in around 10% dead cells after 22 h incubation for THP-1 and 
less than 5% for A549 cells (Fig. S1). With 405 nm irradiation first cytotoxic effects could be observed at a dose 
of 300 J  cm−2 for THP-1 and A549 cells. Higher doses were needed to elicit cytotoxicity at 450 nm irradiation. 
First cytotoxic effects were observed at 400 J  cm−2 for THP-1 cells whereas 1000 J  cm−2 was needed to trigger cell 
death in A549 cells.

Irradiation of ESKAPE pathogens in presence of cell culture media. To be able to compare the 
effect of visible light on bacteria and human cells, the disinfection capacity of blue and violet light irradiation 
was tested against ESKAPE pathogens incubated in cell culture medium. At 405 nm irradiation all species except 
Enterococcus faecium showed reduced survival at a dose of up to 300 J  cm−2 (Fig. 2). For all affected species the 
inactivation in RPMI medium was more pronounced than in DMEM medium. Complete sterility of the sam-
ples could be achieved for E. coli, S. aureus, A. baumannii and P. aeruginosa at a dose of 250 J  cm−2, 150 J  cm−2, 
200 J  cm−2 and 100 J  cm−2 in RPMI medium and a dose of 300 J  cm−2, 200 J  cm−2, 250 J  cm−2 and 100 J  cm−2 in 
DMEM medium, respectively. The irradiated E. faecium sample showed no inactivation whereas the correspond-
ing control showed moderate growth. For Klebsiella pneumoniae, a reduction of 3.5 log could be achieved in the 
presence of RPMI medium and a reduction of almost 2 log in the presence of DMEM medium.

In contrast, the irradiation at 450 nm resulted only in a complete inactivation of P. aeruginosa during the 
course of the experiment (Fig. 3). A 2 log reduction in bacterial number could be achieved for A. baumannii at 
800 J  cm−2 before a regrowth could be observed. S. aureus was only moderately affected by 450 nm light irradia-
tion and no difference could be observed between irradiated E. coli samples grown in RPMI medium and their 
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respective control, whereas E. coli cells in DMEM medium showed a reduction of cell density for 1000 J  cm−2. 
For K. pneumoniae a pronounced difference could be observed between RPMI incubated bacteria and DMEM 
incubated bacteria. The sample irradiated in the presence of RPMI showed a moderate growth during the course 
of the experiment although weaker than the corresponding dark control. The DMEM sample however showed 
a reduction of almost 6 log at a dose of 1000 J  cm−2. Both irradiated E. faecium samples behaved similarly with 
a moderate reduction of cell density up to a dose of 1000 J  cm−2.

To test the killing potential of violet and blue light irradiation on different bacterial strains, additional P. aer-
uginosa (Gram negative, Supplementary Table S1) and S. aureus (Gram positive, Supplementary Table S2) strains 
were investigated. The S. aureus strains showed a comparable killing to the previously investigated ATCC43300 
strain at 405 and 450 nm. While comparable killing was observed at 405 nm for the P. aeruginosa strains, the log 
reduction values were diminished at 450 nm.

THP-1 infection assay. To investigate the effect of 405 nm irradiation on the survival of P. aeruginosa and 
S. aureus in an infection model, THP-1 monocytic cells were stimulated with PMA to generate a macrophage like 
cell line. After 1 h preincubation of the cells with the bacteria, the respective samples were irradiated (25 J  cm−2) 
and the total number of surviving bacteria was assessed. Also in the presence of eukaryotic cells, the bacteria 
are susceptible to 405 nm irradiation (Fig. 4). For both bacterial species, the killing efficiency of the violet light 
decreased the number of surviving bacteria in infection experiments compared to the non-irradiated samples. 
While bacterial killing was even more efficient in samples without eukaryotic cells, this is not possible in an 
infection situation, where host cells will always be present. The PMA stimulated THP-1 cells showed no loss in 
viability for the applied irradiation doses (Supplementary Fig. S2).

Discussion
Hospital acquired infections are associated with increased patient mortality and excess costs for the healthcare 
 sector38. The majority of these infections are caused by bacterial species of the ESKAPE group with a high 
incidence of antibiotic resistant  isolates39,40. To improve this situation the development of alternative treatment 
strategies is crucial.

Of particular interest are intervention strategies based on the antimicrobial capacity of visible light as no 
further adjuvants are needed. Several in vivo studies of visible light therapy in murine infection models and 
first clinical studies propose a therapeutic window in which pathogens are inactivated without damage to host 
 cells18–20,32,41,42. However, there is still a lack of studies investigating the cellular effect of irradiation over a longer 
timeframe. In addition, the antimicrobial activity of visible light irradiation and the potential cytotoxicity 
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Figure 1.  Light induced cytotoxicity in the human cell lines THP-1 and A549 measured by LDH activity. (a) 
Irradiation of cells at a wavelength of 405 nm. (b) Irradiation of cells at a wavelength of 450 nm. The values are 
expressed as % cytotoxicity of the positive control (TritonX-100 treated cells). The mean and standard deviation 
of three independent biological replicates with each three technical replicates are illustrated. The asterisk 
indicates statistically significant difference between the two cell lines (*p < 0.05; **p < 0.01).
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Figure 2.  Survival of ESKAPE pathogens in the presence of RPMI and DMEM medium irradiated with 
405 nm. (a) E. coli. (b) S. aureus (ATCC43300). (c) K. pneumoniae. (d) A. baumannii. (e) P. aeruginosa 
(ATCC27853). (f) E. faecium. The values are expressed as log survival in comparison to starting bacterial density 
of 5 ×  107 cfu  ml−1. The mean and standard deviation of three independent biological replicates with each three 
technical replicates are illustrated. Statistically significant differences between the irradiated samples and their 
respective controls are indicated with asterisks in the respective colors (*p < 0.05; **p < 0.01).
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Figure 3.  Survival of ESKAPE pathogens in the presence of RPMI and DMEM medium irradiated with 
450 nm. (a) E. coli. (b) S. aureus (ATCC43300). (c) K. pneumoniae. (d) A. baumannii. (e) P. aeruginosa 
(ATCC27853). (f) E. faecium. The values are expressed as log survival in comparison to starting bacterial density 
of 5 ×  107 cfu  ml−1. The mean and standard deviation of three independent biological replicates with each three 
technical replicates are illustrated. Statistically significant differences between the irradiated samples and their 
respective controls are indicated with asterisks in the respective colors (*p < 0.05; **p < 0.01).



7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:24473  | https://doi.org/10.1038/s41598-021-04202-x

www.nature.com/scientificreports/

in human cells are rarely measured in the same experimental setup. Therefore, we compared the survival of 
ESKAPE pathogens with the effect of blue and violet light irradiation on human cells under identical experi-
mental conditions.

Apart from one study that measured the effect of blue light on dendritic cells incubated in RPMI medium 
using a dose of up to 15 J  cm−243, investigations of cytotoxicity so far were mainly conducted with human 
cells incubated in PBS. As our experimental design necessitates an irradiation of up to 22 h (1600 J  cm−2), the 
human cells had to be incubated in classical cell culture medium to ensure survival. As previously reported, 
cytotoxic effects in human cells were shown to be wavelength dependent, with shorter wavelengths being less 
 tolerable36. First cytotoxic effects in monocytic THP-1 cells were detectable at 300 J  cm−2 for 405 nm irradiation 
and 400 J  cm−2 for 450 nm irradiation. A similar pattern could be observed for the alveolar epithelium cell line 
A549 with 300 J  cm−2 and 1000 J  cm−2, respectively.

Similar to the cytotoxicity measurements in human cells, the majority of light induced inactivation experi-
ments with bacteria were conducted in PBS. To be able to compare the effect of visible light on human cells 
and pathogens we performed the antimicrobial experiments in RPMI (cell culture media of THP-1 cells) and 
DMEM (A549 cells) medium. With 405 nm irradiation a complete inactivation of E. coli, S. aureus, A. bauman-
nii and P. aeruginosa could be achieved with a dose of up to 300 J  cm−2, irrespective of the medium composi-
tion. In contrast, only a slight decrease in comparison to the control could be detected for E. faecium and a 
moderate reduction in the mean bacterial count for K. pneumoniae (Fig. 2). The irradiation dose necessary to 
reduce the bacterial density thereby differed substantially from our previous determination of inactivation of 
the same ESKAPE pathogens incubated in PBS (Table 2)26. At 405 nm the antimicrobial effect detected in cell 
culture medium exceeded in all species, except for E. faecium, the results obtained in PBS. In case of 450 nm 
irradiation the inactivation seemed to be species and medium dependent. Whereas the effects observed for A. 
baumannii and P. aeruginosa were comparable between RPMI and DMEM medium, bacteria in PBS showed a 
higher sensitivity, a pattern we also observed for S. aureus (Table 3). A major difference between the inactivation 
in RPMI and DMEM could be observed for K. pneumoniae with only a slight reduction of the mean bacterial 
count for RPMI samples and an almost 6 log reduction for bacteria in DMEM medium irradiated at a dose of 
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Figure 4.  THP-1 infection assay. PMA-stimulated THP-1 cells were infected at a MOI of 1. (a) P. aeruginosa 
(ATCC27853). (b) S. aureus (ATCC43300). Incubation of the bacteria without cells served as control. After 
1 h incubation, the samples were either irradiated with 405 nm light with a dose of 25 J  cm−2 or kept in the 
dark. Values represent survival of the irradiated samples in comparison to the dark control. The mean and 
standard deviation of three independent biological replicates with each three technical replicates are illustrated. 
Statistically significant differences between the irradiated samples and their respective controls are indicated 
with an asterisk (*p < 0.05).
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1000 J  cm−2. The values obtained for K. pneumoniae in DMEM showed a higher reduction of bacterial counts 
than experiments conducted in PBS. E. coli and E. faecium proved to be quiet resistant to 450 nm irrespective of 
the medium composition. One explanation for the low susceptibility of enterococci against violet and blue light 
irradiation is the lack of porphyrin synthesis in these species. However, other molecules like NADH, flavins and 
their photodegradation products could serve as photosensitizers, which may explain the lack of growth of E. 
faecium in the irradiated samples (Figs. 2f, 3f)44.

To investigate if the observed bacterial killing during light irradiation is strain specific, we tested different 
P. aeruginosa and S. aureus strains as model organisms for Gram negative and Gram positive species. While 
the killing efficiency of 405 nm irradiation was comparable between the strains, P. aeruginosa isolates showed 
diminished reduction values at 450 nm irradiation (Supplementary Table S1). A variability of the necessary irra-
diation dose that is needed to trigger bacterial killing in strains of the same species is already reported but so far 
mainly attributed to different experimental setups in different  laboratories23. The variability of the P. aeruginosa 
isolates towards killing at 450 nm irradiation therefore emphasizes further investigations of multiple strains in 
the same irradiation setup to better understand the differences in susceptibility of clinical isolates of the same 
species towards visible light irradiation.

The simultaneous irradiation of bacteria and human cells in an infection assay further proved that bacteria 
are killed by violet light irradiation at an irradiation dose which does not impede the survival of the human cells, 
in this case PMA stimulated THP-1 cells. The human cells appeared to protect against the killing of the bacteria 
during irradiation to a certain extent, as bacteria in absence of the cells were killed more efficiently.

The irradiation in cell culture medium differs substantially in two main aspects from the irradiation in PBS. 
The presence of nutrients in cell culture medium provides energy for the bacteria to grow and to repair the 
damage caused by ROS. The impact of available nutrients during irradiation was previously investigated by 
Vollmerhausen et al. for uropathogenic E. coli grown in urine mucin  media45. The study demonstrated that the 
dissolved oxygen levels were reduced in E. coli suspension in urine mucin media in comparison to PBS leading 
to a decreased disinfection capacity of visible light, an observation that could explain the effects of blue light 
irradiation on A. baumannii (Fig. 3d). After an initial decrease in the mean bacterial count (up to 800 J  cm−2) 
the bacterial number increases again, indicating that a reduced oxygen level may impede the generation of ROS.

Nutrient rich cell culture media contain possible photosensitizer, like riboflavin often in combination with 
tryptophan, tyrosine, phenol red and  HEPES46–49. Thus, the increased antimicrobial effect of irradiation at 405 nm 
in cell culture media in comparison to PBS was expected. Surprisingly irradiation at 450 nm in cell culture 
medium was inferior to irradiation of the samples in PBS. One possible explanation is that irradiation with blue 
light kills only a part of the population in comparison to violet light and the presence of nutrients in cell culture 
media allows regrowth of the remaining bacterial population.

A possibility to reduce the effect of the photosensitizers in cell culture medium in our experimental setup 
would be the use of cell culture media designed for live cell imaging. These photo-inert media contain antioxidant 
rich supplements and are used in specific applications like  optogenetics50. The drawback of this alternative is the 

Table 2.  Irradiation dose [J  cm−2] per log reduction at 405 nm in comparison to the dark control. *Values 
derived  from26.

PBS* RPMI DMEM

1 2 3 1 2 3 1 2 3

E. coli 525 625 725 100 100 150 100 150 150

S. aureus 45 135 180 50 50 50 50 50 100

K. pneumoniae 525 725 725 100 200 250 100 300 –

A. baumannii 90 90 135 100 100 100 100 150 150

P. aeruginosa 90 135 180 50 50 50 50 50 100

E. faecium 525 725 – – – – – – –

Table 3.  Irradiation dose [J  cm−2] per log reduction at 450 nm in comparison to the dark control. *Values 
derived  from26.

PBS* RPMI DMEM

1 2 3 1 2 3 1 2 3

E. coli 1750 2250 2500 – – – 1000 – –

S. aureus 160 240 320 1000 1000 – 1000 – –

K. pneumoniae 1000 1500 – – – – 600 800 800

A. baumannii 90 90 135 400 600 600 600 600 600

P. aeruginosa 90 135 180 400 600 600 400 600 600

E. faecium 750 1000 1250 400 – – 600 800 –
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unknown relevance of such media compositions for in vivo applications which is also true for the classical cell 
culture media that were designed to mimic the extracellular milieu but can only partially reflect in vivo redox 
 settings51. Additionally cell cultures are routinely incubated in 95% air and 5%  CO2, an oxygen tension which 
exceeds the one usually encountered by most cells in a living organism and which facilitates the production of 
 ROS52.

This study highlights the implications of the experimental setup on the antimicrobial activity of visible light 
irradiation and the potential phototoxic effects on human cells. Nevertheless, due to the above discussed implica-
tions, the irradiation of human cells in cell culture medium, as required for long term irradiation experiments, is 
of limited use to predict a safe irradiation dose for clinical applications. Without doubt, irradiation with visible 
light is a promising tool as it is able to inactivate various bacterial and fungal pathogens which is already reflected 
by the potential therapeutic use of visible  light53. For these purposes, such as the development of endotracheal 
tubes with incorporated blue light emitting diodes (LEDs)54, phototoxicity of visible light irradiation can only 
be poorly predicted in vitro and needs further evaluation in in vivo experiments.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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