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ABSTRACT

Inactivation properties of visible light are of increasing inter-
est due to multiple possible fields of application concerning
antibacterial treatment. For violet wavelengths, the genera-
tion of reactive oxygen species by porphyrins is accepted as
underlying mechanism. However, there is still little knowl-
edge about photosensitizers at blue wavelengths. While fla-
vins were named as possible candidates, there is still no
experimental evidence. This study investigates the photoinac-
tivation sensitivity of Staphylococcus carnosus to selected
wavelengths between 390 and 500 nm in 10- to 25-nm inter-
vals. Absorption and fluorescence measurements in bacterial
lysates confirmed inactivation findings. By means of a mathe-
matical calculation in MATLAB�, a fit of different photosen-
sitizer absorption spectra to the measured action spectrum
was determined to gain knowledge about the extent to which
specific photosensitizers are involved. The most effective
wavelength for S. carnosus at 415 nm could be explained by
the involvement of zinc protoporphyrin IX. Between 450 and
470 nm, inactivation results indicated a broad plateau, statis-
tically distinguishable from 440 and 480 nm. This observa-
tion points to flavins as responsible photosensitizers, which
furthermore seem to be involved at violet wavelengths. A
spectral scan of sensitivities might generally be an advanta-
geous approach for examining irradiation impact.

INTRODUCTION
The ability of visible light to reduce the viability of microorgan-
isms has been widely recognized. The main photoinactivating
properties of light are observed in the region around 405 nm.
Possibilities for applications without using externally added pho-
tosensitizers open a wide range of possible applications in fields
like antimicrobial therapy or medical devices (1,2) as well as
food industry (3,4) or drinking water implementations (5,6). It
has been shown that irradiation with visible light can lead to a
reduction of microorganisms which exhibit resistance toward
antibiotic treatment (7–9). Since human cells are less susceptible
to visible light than microorganisms (7,9), this disinfection tech-
nique can optimally be applied in certain therapeutic treatments
in the medical sector. Treatment of acne (10–12) was suggested
as well as treatment of Helicobacter pylori infections (13–15)

and periodontal pathogens in the oral cavity (16,17). Apart from
direct treatment of patients, Maclean et al. (18) and Murrell et al.
(19) provided ideas to disinfect surfaces in hospitals with visible
light to reduce surgical site infections.

One essential parameter in this context is the wavelength of
the applied light. For that matter, it is irrelevant from which kind
of light source the emitted irradiation originates (20,21). The
supposed mechanism implies that antimicrobial activity is based
on photosensitizers (10,22). These molecules absorb radiation at
specific wavelengths and induce the formation of reactive oxygen
species (ROS) (23,24). This theory is supported by the oxygen
dependency of irradiation experiments with visible light (25–27).

According to the literature, the region around 405 nm includes
the most effective wavelengths for light application
(16,20,28,29). Porphyrins have been identified as responsible
photosensitizers for this effect. The induction of reactive oxygen
species upon irradiation of porphyrins has been verified for pure
substances (24,30,31) as well as in whole cells or lysates (32–
35), indicating the involvement of porphyrins in the damaging
effect. Moreover, porphyrin absorption spectra are in good agree-
ment with the spectral maximum of the disinfection process
(20,28). In several visible-light-sensitive bacterial and fungal
strains, porphyrins were found by fluorescence emission, high-
pressure liquid chromatography (HPLC) or mass spectrometry
(10,27,32,36–43). Furthermore, the cultivation in a porphyrin
precursor enriched media congruously lead to an increased
antimicrobial effect. The reduction of bacteria cultured in media
with supplementation of aminolevulinic acid (ALA) was higher
compared to normally cultivated bacteria exposed to an identical
light dose (10,22).

Several different kinds of porphyrin species with slightly dif-
ferent absorption spectra have been described. It is assumed that
not all of them are equally involved in the photoinactivation pro-
cess. Different concentrations and compositions of porphyrins
were found in various bacterial strains (38), and it is assumed
that the sensibility of specific microorganisms to light exposure
varies due to those differences (44). While different porphyrins
—mainly protoporphyrin IX (PPIX), coproporphyrin III (CPIII),
and uroporphyrin (UP)—have been implicated to act as photon
acceptor in microbial inactivation (36,38–40,44), there is still no
agreement to which extent those three molecules are involved or
to which degree each one of them is contributing to the genera-
tion of reactive oxygen species. Completely different profiles of
porphyrin contents were measured for different strains (38), and
even for the same strain under similar culture conditions,*Corresponding author email: katharina.hoenes@thu.de (Katharina Hoenes)
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different results of porphyrin occurrence were obtained (36,43).
Moreover, further porphyrins that exist in the bacterial cytoplasm
in lower intracellular concentrations may be involved (38). Quan-
tum yields are varying for different photosensitizers, which might
decouple concentration and antimicrobial impact (24). Zinc pro-
toporphyrin IX (ZnPPIX), for example, which also exists in bac-
teria but has hardly been studied, possesses a quantum yield for
singlet oxygen generation almost twice as high as PPIX (23).
Another problem is that porphyrin concentrations also vary due
to diverse experimental conditions and cultivation techniques of
different research groups (39,41). Likewise, the results about the
sensitivity of different strains to visible-light exposure inherited a
broad diversity when a collective of literature data was reviewed
(29,45).

Until now, most publications investigate and compare a maxi-
mum of two different wavelengths. There are only few studies in
which authors applied a larger number of different wavelengths
(20,28,46,47). Several studies came to the conclusion that wave-
lengths longer than 430 or 440 nm, respectively, do not have
any antibacterial impact at doses similar to the ones in the violet
range (20,28). To date, it is known that also wavelengths above
420 nm, especially in the blue wavelength range of 450–470 nm
can have an antibacterial activity (32,42,48,49), though 2–5 time
less effective than in the violet region (42,45). Therefore, doses
have to be increased accordingly to reach a comparable antimi-
crobial effect.

Bacteria of different species and strains were found to be sensi-
tive against irradiation in the blue range, which implies that a
potential chromophore absorbing in this region has to be ubiqui-
tously existent in various bacterial species. Flavins were named as
possible photosensitizers since they can demonstrably induce ROS
when irradiated, especially when used as externally supplemented
photosensitizers in photodynamic therapy (PDT) (50–52). Flavins
are present in practically all bacterial and fungal species (53).

To investigate the antimicrobial effect of visible light of differ-
ent wavelengths, we studied the range from 390 to 500 nm against
Staphylococcus carnosus under constant experimental conditions.
We applied two different irradiation doses for each wavelength to
be sure that the conditions for calculating sensitivities with a linear
fitted model are given. Experiments in a broad (390–500 nm) but
sufficiently resolved (10–25 nm) spectral range were conducted to
allow investigation of the involved photosensitizers, due to avail-
ability of comparable wavelength sensitivities. The gained action
spectrum could be employed to fit various photosensitizer absorp-
tions to the measured wavelength sensitivities of S. carnosus in
MATLAB�. By this means, the potential involvement of different
candidate combinations can be checked for plausibility. Since there
are assumptions, supposing flavins as possible photosensitizer can-
didates in the blue wavelength region, but no experimental evi-
dence so far, we aimed to get knowledge about the involvement of
flavins at irradiation with visible light. Absorption and fluores-
cence measurements support the results of our irradiation experi-
ments. Furthermore, the advantages of generally applying an
action spectrum for irradiation approaches with visible light could
be examined by this means.

MATERIALS AND METHODS

Microorganism. Bacteria investigated in this study were S. carnosus
DSM20501 (DMSZ, Deutsche Sammlung von Mikroorganismen und
Zellkulturen, Braunschweig, Germany). M92 medium contained 30 g

tryptic soy broth (Sigma-Aldrich Chemie GmbH, M€unchen, Germany)
and 3 g yeast extract (Merck KGaA, Darmstadt, Germany) for 1 L
medium. The test strain was inoculated in an overnight culture of 3 mL
M92 for 16 h at rotary conditions (170 rpm) at 37°C. Two hundred
microliters of this preculture was transferred to 30 mL M92 at 37°C
(170 rpm) for 4 h until mid-exponential phase was reached and the
population density was adjusted to 5 9 107 CFU mL�1 (colony-forming
units per milliliter) by optical density measurement. The broth was
centrifuged at 7000 g for 5 min and the resultant pellet resuspended in
phosphate-buffered saline (PBS). After a further washing step in PBS,
the suspension was used for experimental purposes.

Visible-light sources. Different light-emitting diodes (LEDs) were
used for irradiation experiments at various wavelengths between 390 and
500 nm. As manufacturer declarations often differ from the real peak
emission values or fluctuate between each production batch, the emission
spectrum of each LED was measured with a spectrometer (SensLine
AvaSpec-2048 XL, Avantes, Apeldoorn, The Netherlands) at its
operating current, after a preheating interval (Fig. 1). In Table 1, specific
details of each LED as well as the respective bandwidths are indicated.
Each LED was cooled actively during the experiments to avoid heating
up the bacterial sample. At the wavelength region around 450 nm, where
flavins are supposed to play a role as photosensitizers, intervals of 10 nm
have been realized. Due to a mean LED emission bandwidth of 25 nm, it
is not expedient to apply smaller intervals when working with LEDs as a
light source. At lower wavelengths around 405 nm, where porphyrins
have their maximum absorption, 10- to 20-nm intervals have been
achieved. Therefore, the whole-spectral region between 390 and 500 nm
could be covered with the following LEDs in the order of the table
below giving the number and the manufacturer: LZ4-40UB00-00U4
(LED Engin, Inc., San Jose, CA, USA), LZ4-40UB00-00U8 (LED
Engin, Inc.), IN-3531SCUV-U70 (Innolux Corp., Santa Clara, USA),
EOLS-440-227 (Epigap Optronic GmbH, Berlin, Germany), LZ4-00B208
(LED Engin, Inc.) XPEBRY-L1-0000-00Q01 (Cree, Inc., Durham, NC,
USA), XPEBBL-L1-0000-00301 (Cree Inc.), 941-XQEBLU0000305
(Cree, Inc.), NCSE219BT-V1 (Nichia corp., Anan, Japan).

Exposure experiments. For the experimental setup, 1.5 mL volume of
the bacterial suspension at a density of 5 9 107 CFU mL�1 was
transferred to a 5-mL beaker glass, resulting in a filling height of 1 cm.
The intensity of the different LEDs was maintained constant at
21 mW cm�2 by adapting the operating current for each LED type. This
specific irradiation intensity was chosen because it is the maximum value
that can be reached with the weakest LED. Intensity measurements were
performed with an optical power meter OPM150 with the UVS
measuring head for 190–1100 nm (Qioptiq, G€ottingen, Germany) at the
beginning of the experiment and at each sample drawing interval.
Maximal fluctuations in the light intensity have been
21.0 � 0.6 mW cm�2. The beaker glass was placed in a small
deepening on a black surface to only allow the previously measured
radiance to affect the sample. It was ascertained in pre-experiments that a
white surface would potentiate the irradiation by reflection in an
indefinite extent without being properly measurable and will have a
noticeable impact on the bacterial behavior compared to an absorbing
surface that only allows radiation from above. The LED was placed on
top of a truncated hollow pyramid (54) with a highly reflective inside to
achieve a homogenously irradiated sample area (Fig. 2). At the beginning
of the experiment as well as at each sampling interval, the sample
temperature was measured contactless with an infrared thermometer
Raynger MX (Raytek Fluke Process Instruments GmbH, Berlin,
Germany). Although the LEDs were cooled actively, the temperature in
the irradiated samples was slightly higher than in control samples
(difference of 4°C in average). The maximal temperature did not exceed
30°C. With optimal growth conditions being 37°C for S. carnosus, the
possibility of unintended heat inactivation could therefore be excluded.

Bacterial enumeration and statistical analysis. Samples were drawn
after homogenizing the bacterial culture and were diluted serially in PBS.
Five hundred microliters of diluted samples was filtered through cellulose
acetate filters with a pore size of 0.45 µm (Sartorius, G€ottingen,
Germany) by means of a vacuum pump. Filters with retained bacteria
were placed on moistened nutrient disks for staphylococcal detection
(Chapman NKS 14074--50, Sartorius AG). After incubation for 48 h at
37°C, plates were enumerated manually. The resultant counts were
converted into CFU mL�1. Each experiment for a certain wavelength
was performed in triplicate. Significance of the light treatment was
calculated for each point at the 95% confidence interval compared to the

2 Katharina Hoenes et al.



0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

340 360 380 400 420 440 460 480 500 520 540 560 580 600

no
rm

al
iz

ed
 in

te
ns

ity
 in

 re
la

tiv
e 

un
its

 

wavelength in nm

390 nm
405 nm
415 nm
440 nm
450 nm
460 nm
470 nm
480 nm
500 nm

Figure 1. Normalized emission spectra of light-emitting diodes used for irradiation experiments.

Table 1. Measured peak emission wavelengths and bandwidths of employed LEDs.

Declaration (nm) 385 405 420 440 457 465 465–485 480 Blue-green

Measured peak (nm) 388.7 405.9 414.3 438.5 452.7 463.3 469.2 478.7 503.4
Bandwidth half max. (nm) 12.17 18.97 20.44 18.92 21.26 24.78 23.88 27.10 33.5
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Figure 2. Schematic irradiation setup for exposure experiments with different LED wavelengths. Multiple reflection inside of the pyramid leads to
homogenous irradiation in the sample area and black bottom plate ensures exclusive irradiation from above as measured with power meter.
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untreated control using the dependent t-test with IBM SPSS (release 25).
Calculated bacterial sensitivity (log10 reduction related to the applied
dose) at different wavelengths was statistically compared by ANOVA
(IBM SPSS, release 25).

Calculation of bacterial sensitivity at each wavelength. For comparing
the impact of each wavelength on viable bacterial counts, a suitable
parameter had to be calculated. In contrast to earlier studies, two doses
were probed for each wavelength. For a long time, it was assumed that
the relationship between applied dose and colony reduction is based on
an exponential behavior resulting in a linear progression when presented
logarithmically. Some studies, however, detected nonlinear shapes,
especially at the beginning of the irradiation process. This phenomenon,
called “shoulder” in the following, can be explained by the need to
initially build up a certain ROS concentration to overcome bacterial
repair mechanisms.

In this study, a linear behavior is assumed for the calculation of sensi-
tivity to a certain irradiation wavelength. Compared to other studies,
doses were not fixed but adapted appropriate to the employed wavelength
(Fig. 3) to avoid the conclusion that a wavelength is less effective just
because the steep part of the slope has not been reached yet with the
applied dose. In fact, it was aimed to reach a certain log10 reduction in
CFU with a fixed intensity and the duration of irradiation was varied per
wavelength to gain specific dose levels. For this study, we wanted to
obtain a log10 reduction >1 log10 for the first dose and between 2.5 and
3.5 log10 for the second dose. This minimizes the risk of falsified effi-
ciency values based on the shoulder at the beginning of the progression,
as probed values lie within the linear part of the slope. The calculated
value may not match exactly for each dose when extrapolating due to
mentioned nonmonoexponential shoulders but it represents the overall
disinfection capacity of a wavelength and is therefore a good parameter
for comparison.

The log10 reduction was calculated for both doses related to the start-
ing concentration and each was divided by the applied dose, resulting in
a value with the unit cm2 J�1, which represents the reduction that can
theoretically be achieved with a dose of 1 J cm�2 of this wavelength.
The results for the two doses were averaged to form a single value. By
means of this wavelength-comparable parameter, an action spectrum can
be depicted as distribution plotted over the wavelength spectrum between
390 and 500 nm.

Calculation of proportions of involved photosensitizers. With the
availability of an action spectrum of a certain strain, conducted under
constant external conditions, and with the presumption of a steady
photosensitizer concentration (c) over the experimental duration as well
as between the single experiment performances due to equal cultivation,

it is possible to estimate the contribution of putatively involved
photosensitizers based on their absorption spectra. The disinfectant value
(dv) is based on numerous parameters but is directly proportional to Iabs,
the absorbed irradiation. Strictly speaking, not the absorption but the
absorbed photons are relevant for the generation of ROS and at the same
intensity there are more photons at longer wavelengths. This effect would
probably reduce the impact of lower wavelengths a bit, but to an extent
that it was considered negligible here.

For monochromatic light with the wavelength k, it applies:

IabsðkÞ ¼ I0ðkÞ ð1� expð�c eðkÞxÞÞ ð1Þ

In Lambert–Beer’s law, I0 = I0(k) is the applied irradiation intensity
at a certain wavelength, c the concentration of the photosensitizer
addressed, e = e(k) the molar absorption coefficient of the photosensitizer
and x the absorption length. For small coefficients, a first-order Taylor
series approximation (exp(x) � 1 + x) is possible, which applies here
due to small photosensitizer concentrations.

IabsðkÞ � I0ðkÞc eðkÞx ð2Þ

or

dvk ¼ const I0 ðkÞ eðkÞ ð3Þ

As light-emitting diodes are not monochromatic, the disinfecting
effect of specific LED spectra has to be calculated:

dv ¼
X

k

dvk ¼
X

k

const I0ðkÞ eðkÞ ¼ const
X

k

I0ðkÞ eðkÞ ð4Þ

when summed up, the product of the LED spectrum and the photosensi-
tizer absorption is proportional to the measured disinfection effect at a
specific wavelength. Since there is more than one photosensitizer (ps1,
ps2, . . . psi) to which hitherto considerations similarly apply, the overall
disinfection value dvov for a single LED is calculated as follows:

dvov ¼
X

i

dvi ¼
X

i

ðconsti
X

k

ðI0ðkÞ eiðkÞÞÞ ð5Þ

The constants consti, one for each photosensitizer considered, are
adjusted to values resulting in the best fit for the spectral distribution of
the measured disinfection data and can give knowledge about the proba-
ble participation of this photosensitizer on the colony-reducing effect.
The calculation of the specific constants was performed by a fit in
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Figure 3. Schematic diagram for explaining the consideration of nonmonoexponential bacterial growth reduction at the usage of a linear model with at
least two data points: probing at only one fixed dose might lead to a falsified overall reduction impression.
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MATLAB� R2018a. The command “lsqcurvefit” was used to compare
all available spectra and assessing their relevance.

For obtaining the necessary absorption spectra underlying this calcula-
tion, relevant photosensitizers were dissolved in PBS or dimethyl sulfox-
ide (DMSO) and their absorption measured in a cuvette spectrometer
Specord Plus (Analytik Jena, Jena, Germany) as shown in Fig. 4. As por-
phyrins are hardly solvable in PBS, pH was elevated over pH 10 for bet-
ter solubility and subsequently reduced to pH 7.0 again.

Absorption and fluorescence measurements on bacterial lysates. For
the analysis of relevant photosensitizers, absorption and fluorescence
measurements were conducted. 2 mL of a culture used for the irradiation
experiments, with 5 9 107 CFU mL�1 at exponential phase, was washed
in PBS as described before and lysed mechanically with glass beads in a
cell disrupter Savant Bio101 (Thermo Fisher Scientific corp., Waltham,
MA, USA). Cell debris was centrifuged subsequently to obtain a clear
solution. The absorption of this cell extract was measured in a cuvette
spectrometer Specord Plus (Analytik Jena). For comparison with the
absorption, fluorescence excitation spectra were recorded at fluorescence
emissions of the lysate with a Clariostar microplate reader (BMG
Labtech, Ortenberg, Germany).

Furthermore, the fluorescence signals of the current culture and a cul-
ture incubated for 25 days at room temperature were measured using a
violet 405-nm Flexpoint laser (Laser Components, Olching, Germany)
for excitation coupled into a fluorescence light probe (Ocean Optics,
Largo, FL, USA). Its tip was placed inside the cuvette while the fluores-
cence was detected by a spectrometer (SensLine AvaSpec-2048 XL,
Avantes).

RESULTS

Bacterial reduction and sensitivity at each wavelength

The results of the bacterial counts at different wavelengths are
presented in Table 2 and Fig. 5a,b. Calculation of log10 reduc-
tions is based on the measured inoculum concentration of each
experiment, which has been adjusted to approximately
5 9 107 CFU mL�1 prior to irradiation. The logarithmic repre-
sentation of the axis of ordinates leads to a straight line for expo-
nential reductions. It can be noticed that for the first dose
applied a reduction above 1 log10 could not always been
achieved. For 17.5 J cm�2 at 415 nm, 35 J cm�2 at 440 nm and
140 J cm�2 at 480 nm, only 0.6610, 0.9190 and 0.6448 log10
reduction were determined, respectively, for the reduction of the
ability to form CFU. In Fig. 5a, where wavelength results for
390–440 nm are depicted, it can be observed that the second part
of the slope is even steeper than the first. This is especially nota-
ble for 415 nm irradiation and probably caused by the first mea-
surement still lying in the range of the shoulder part of the
curve. At 500 nm for both doses applied, no real inactivation
effect has been noticed. Figure 5c exemplary demonstrates the
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Figure 4. Normalized absorption spectra of pure photosensitizers dissolved in PBS (a, c) or DMSO (b, d).
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inactivation progression of S. carnosus for irradiation at 460 nm.
The mentioned shoulder can clearly be observed.

The differences between the values of irradiated samples and
associated controls (not shown here) were found to be normally
distributed, except for the 460 nm values at 140 J cm�2, as
assessed by the Shapiro–Wilk test (P = 0.037). The paired t-test
verified a significant difference in bacterial reductions between
irradiated sample and control for all values besides the samples
exposed to 500 nm 140 J cm�2, t(2) = 2.057, P = 0.176.
Cohen’s d scored values over 0.8 for all measurements (minimal
value 1.19 for 500 nm 140 J cm�2) indicating a strong effect.

For comparing the antimicrobial effects of different wave-
lengths with each other, the sensitivity was calculated as described
above by relating the achieved log10 reduction in colony counts to
the applied dose at a certain wavelength. The resultant values in
cm2 J�1, which describe the log10 reduction theoretically achiev-
able per J cm�2, are plotted over the wavelength in Fig. 7. This
so-called action spectrum can be used to assume the sensitivity of
a strain to irradiation with a certain wavelength and to draw con-
clusion about involved photosensitizers.

For statistical comparison of the applied wavelengths, a one-
way ANOVA was conducted based on the sensitivity data. Data
were divided into nine categories referring to the applied wave-
lengths. Sensitivity data were found to be normally distributed
within the wavelength groups as assessed by the Shapiro–Wilk
test (a = 0.05), with the lowest value of P = 0.068 at 440 nm.
Homogeneity of variances was asserted using Levene’s test,
which demonstrated that equal variances could not be assumed
(P < 0.001). Therefore, Welch’s ANOVA and the Games–How-
ell post hoc analysis were considered in the following. The sensi-
tivity differed statistically significant for different wavelengths,
Welch’s F(8,53) = 15.781, P < 0.001.

Games–Howell post hoc analysis (Fig. 6) revealed a signifi-
cant difference between 500 nm and all other groups besides the
480 nm group and vice versa. There is also no significant differ-
ence between 440, 450, 460 and 470 nm. Additionally, the
440 nm group shows no significant difference compared to 415
and 405 nm and therefore is only significantly different

compared to 390, 480 and 500 nm. There was furthermore no
significant difference between 405 and 415 nm.

As the main interest here was to detect a possible peak at the
wavelengths around 450 nm to clarify flavins as involved photo-
sensitizers, combined contrasts were additionally calculated as
follows: 450, 460 and 470 nm were compared with each other,
respectively, in a single contrast. Since no significant differences
were observed, they were grouped and compared with 440 and
480 nm, respectively, to outline the borders of the “peak.”
450 nm (M = 0.0187, SD = 0.0032), 460 nm (M = 0.0167,
SD = 0.0020) and 470 nm (M = 0.0163, SD = 0.0014) were
significantly lower than the sensitivity at 440 nm (M = 0.0385,
SD = 0.0119) with a mean difference of 0.0213 (SE = 0.0070),
P = 0.003 and significantly higher than 480 nm data
(M = 0.0055, SD = 0.0025) with a mean difference of 0.0117
(SE = 0.0066), P = 0.080.

Calculated photosensitizer involvement

Based on the knowledge of the spectrally dissolved strain sensi-
tivity to visible light, the theoretical involvement of certain pho-
tosensitizers was examined according to their absorption spectra.
The continuous line in Fig. 7 represents the fit that was calcu-
lated by the function “fit” in MATLAB� R2018a referring to the
absorption spectra of ZnPPIX and riboflavin shown in Fig. 4 and
based on the bacterial measurements demonstrated as sensitivi-
ties.

Previously another fit was executed with “lsqcurvefit” using
“trust-region-reflective” algorithm, incorporating spectra of ribo-
flavin and the porphyrins uroporphyrin III, coproporphyrin III,
protoporphyrin IX, and zinc protoporphyrin IX dissolved in PBS
at pH 7.0 or DMSO. The measurement value for 390 nm was
discarded from the action spectrum for the fit as the log10 reduc-
tion is extremely high and may result from other effects or pho-
tosensitizers not considered here. Different solvent media were
used to account for explicitly differing spectra (Fig. 4). As the
absorption of different flavin species are quite similar, riboflavin
stands exemplary for all of them.

Peak
wavelength
(nm)

Dose
(J cm�2)

Time (h:
min:s)

Log10
reduction
(mean) SD�log10

Sensitivity
(log10/
J cm�2)

SD-
sens.

Dose per 1
log10 (J cm

�2/
log10)

390 11.6 00:09:12 1.300 0.663 0.146 0.035 6.86
17.5 00:13:50 2.711 0.438

405 35 00:27:50 1.381 0.184 0.048 0.006 20.83
70 00:55:30 3.558 0.157

415 17.5 00:13:50 0.661 0.112 0.078 0.032 12.78
35 00:27:50 3.461 0.247

440 35 00:27:50 0.919 0.549 0.039 0.012 25.95
70 00:55:30 3.064 0.347

450 140 01:51:00 2.684 0.532 0.019 0.003 53.42
210 02:46:40 3.231 0.251

460 70 00:55:30 1.193 0.088 0.017 0.002 60.04
140 01:51:00 2.561 0.181
210 02:46:40 3.215 0.288

470 140 01:51:00 2.004 0.244 0.016 0.001 61.40
210 02:46:40 3.208 0.337

480 140 01:51:00 0.645 0.238 0.006 0.003 182.47
210 02:46:40 1.471 0.271

500 140 01:51:00 0.261 0.220 0.002 0.001 573.90
210 02:46:40 0.292 0.073

Table 2. Results of irradiation experiments
with constant intensity of 21 mW cm�2. Stan-
dard deviation (SD) of log10 reduction from
measurements within each dose and SD of sen-
sitivity from dose-related measurement values
of all doses of one wavelength. A value giving
the necessary dose for 1 log10 reduction is cal-
culated as reciprocal of sensitivity.
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Figure 5. Bacterial reduction based on CFU counts for irradiation wavelengths from 390 to 440 nm (a) and 450 to 500 nm (b). Mean values of at least
three independent experiments are plotted over the applied dose with error bars indicating the standard deviation. Exemplary inactivation progression of
S. carnosus at 460 nm irradiation (c). Mean values of at least four independent measurements for 70–210 J cm�2 and two independent measurements
for 280 and 350 J cm�2 with error bars indicating the standard deviation.

390 405 415 440 450 460 470 480 500

390
0.030 0.115 0.017 0.012 0.011 0.011 0.008 0.007

405
0.030 0.367 0.682 0.000 0.000 0.000 0.000 0.000

415
0.115 0.367 0.175 0.030 0.026 0.025 0.011 0.009

440
0.017 0.682 0.175 0.089 0.062 0.059 0.010 0.007

450
0.012 0.000 0.030 0.089 0.816 0.627 0.000 0.000

460
0.011 0.000 0.026 0.062 0.816 1.000 0.000 0.000

470
0.011 0.000 0.025 0.059 0.627 1.000 0.000 0.000

480
0.008 0.000 0.011 0.010 0.000 0.000 0.000 0.089

500
0.007 0.000 0.009 0.007 0.000 0.000 0.000 0.089

wavelength 
in nm

Figure 6. Calculated significances from Games–Howell post hoc test comparing all applied wavelengths with each other. Red colored boxes in different
shades indicate nonsignificant values (a = 0.05), while green boxes show where wavelengths lead to significantly different inactivation results.
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Since there were only 8 LED wavelengths with bacterial
measurements on which the fit could be based, not all 10 mea-
sured single substance spectra could be fitted simultaneously
because of restrictions of the algorithm applied. Consequently,
one fit was calculated with all 5 spectra dissolved in PBS at
pH 7.0 and another with the other 5 spectra with the photosen-
sitizers dissolved in DMSO. For each photosensitizer, respec-
tively, the fit was resulting in a coefficient, indicating the
portion to which extent each spectrum contributes to the mea-
sured antimicrobial effect. Analyzing the results, it could clearly
be observed that the main contributors to the disinfection seem
to be riboflavin and ZnPPIX. Respectively, the coefficients cal-
culated for these two photosensitizers were more than 2 orders
of magnitude higher than the ones for the other substances.
Another execution of “lsqcurvefit” with the four spectra of
ZnPPIX and riboflavin, each dissolved in either PBS pH 7 or
DMSO, resulted in riboflavin and ZnPPIX, both dissolved in
DMSO, to be the best candidate substances to explain the
action spectrum.

Subsequently performed calculation with “fit” (only two spec-
tra allowed) achieved an R2 of 0.9684 at a confidence interval of
95 % with riboflavin in DMSO at 0.0135 (0.007064, 0.01993)
and ZnPPIX in DMSO at 0.05837 (0.04766, 0.06908). The cal-
culated proportions of the fit according to disinfection values
assigned to each photosensitizer are presented in Table 3. The
percentage values are indicating to which extent the specific pho-
tosensitizer is most likely responsible for the antimicrobial effect.

The calculated fit from the spectra of ZnPPIX and riboflavin
in DMSO (Fig. 7) is in good agreement with the measured
antimicrobial effect of the applied wavelengths of LED irradia-
tion. Only for 470 nm, there is a slightly higher reduction result

in bacterial measurements observed than predicted by the fit. In
addition, the antimicrobial effect decreases steeper to 480 nm in
the bacterial measurements than the fit. With ZnPPIX and ribo-
flavin in DMSO as contributing candidates, the fit predicts a
clearly lower value than reached experimentally.

Absorption and fluorescence measurements

The absorption, measured in a bacterial lysate prepared from the
same culture conditions as used in the irradiation experiments, is
depicted in Fig. 8a. On a steadily decreasing background absorp-
tion to longer wavelengths, a wide peak was observed in the
range between 395 and 435 nm. By fitting a Bessel spline to the
decreasing curve, the bump could be carved out as distinct peak
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Figure 7. Action spectrum for S. carnosus in the wavelength range between 390 and 500 nm for the applied LEDs is illustrated by the dotted line. Data
points illustrate the average of calculated sensitivities for both applied doses per wavelength with error bars indicating the standard deviation of all single
values in log10 per J cm�2. On the axis of abscissas, wavelengths are plotted unevenly distributed. The continuous line demonstrates the calculated fit of
absorption spectra for ZnPPIX and riboflavin with their proportionate involvement as columns.

Table 3. Results of the “fit” calculated in MATLAB� R2018a with sen-
sitivity values from Table 2 and absorption spectra of ZnPPIX and ribo-
flavin in DMSO shown in Fig. 4.

LED
peak
(nm)

FitZnPPIX
and riboflavin
in DMSO

Riboflavin
(DMSO)

ZnPPIX
(DMSO)

Riboflavin
[%]

ZnPPIX
[%]

390 0.0217 0.0057 0.0160 26.4 73.6
405 0.0536 0.0085 0.0451 15.9 84.2
415 0.0683 0.0099 0.0584 14.5 85.5
440 0.0376 0.0135 0.0241 35.9 64.1
450 0.0180 0.0132 0.0048 73.2 26.8
460 0.0143 0.0123 0.0020 85.8 14.2
470 0.0124 0.0112 0.0012 90.2 9.8
480 0.0105 0.0092 0.0013 87.2 12.8
500 0.0048 0.0032 0.0016 67.3 32.7
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with a maximum at 422 nm. By comparing it with the absorption
peaks of several known bacterial photosensitizers, we found that
this peak is compatible with a mixture of protoporphyrin IX and
a larger amount of zinc protoporphyrin IX.

The fluorescence measurements (Fig. 8b) were conducted in
the same samples used for the absorption measurements and
additionally in a culture cultivated for 25 days at room tempera-
ture. For laser excitation at 405 nm, no detectable fluorescence
could be observed in the range between 540 and 600 nm in the
exponential 4 hours culture. In contrast, a huge elevation was
observed in the 25 days culture with a smaller peak at 547 nm
and an explicit peak at 579 nm. The second peak can be
assigned to ZnPPIX, whose fluorescence fits well to the observed
peak emission. The absorption maximum of this photosensitizer
lies at approximately 423 nm (Fig. 8a), 18 nm higher than the
excitation wavelength of 405 nm, but nevertheless, the bacterial
content of ZnPPIX in the 25 days culture seems to be high
enough to generate an explicit fluorescence signal. For the
547 nm peak, flavin is a possible candidate. Even if its absorp-
tion maximum lies at approximately 450 nm, there still seems to

be sufficient absorption at the excitation wavelength of 405 nm
to achieve a fluorescence signal (Figs. 4 and 8b).

For fluorescence emission of the 25-day culture, furthermore a
peak is detectable at 628 nm while for the 4-hour culture peaks
can be observed at 619 and 682 nm. Those peaks are compatible
with porphyrin fluorescence. The peak at 619 nm in the 4-hour
culture matches the emission of CPIII (maximum at 621 nm, not
shown), while the peak at 628 nm in the 25-day culture could be
assigned to either PPIX (maximum at 631 nm, not shown) or to
a mixture of CPIII and ZnPPIX (second peak at 639 nm, not
shown). A mixture of CPIII and ZnPPIX seems to be the more
likely hypothesis due to the detection of CPIII in the 4-h culture
(measured fluorescence peak at 619 nm) and the main peak of
ZnPPIX (measured fluorescence peak at 579 nm) in the 25-day
culture.

An excitation scan of the lysate prepared from a 4-hour cul-
ture was conducted for an emission wavelength of 586 nm,
where the fluorescence maximum of ZnPPIX is situated. After
eliminating the riboflavin excitation, a relatively broad peak
arises with its maximum at 414 nm (Fig. 8c).
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Figure 8. Absorption of S. carnosus lysate of an exponential culture like in irradiation experiments, fitted with a Bessel spline for background elimina-
tion and resulting absorption peak. Additionally, PPIX and ZnPPIX absorption in DMSO is shown (a). Fluorescence emission of S. carnosus exponential
culture (4 h) and after 25 days of incubation with laser excitation at 405 nm. Spectra are recorded with different integration times (b). Excitation spectra
of exponential S. carnosus culture (4 h) and riboflavin at 586-nm emission wavelength and resulting peak of the difference (c). Fluorescence emission
of S. carnosus exponential culture (4 h) with excitation in a microplate reader at 445 nm (d).
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Fluorescence emission was also measured in a 4-hour culture
at an excitation wavelength of 445 nm in a microplate reader
(Fig. 8d). The resulting spectra can be assigned to flavin fluores-
cence.

DISCUSSION

Earlier studies with multiple wavelengths and common
pitfalls

The irradiation experiments at different wavelengths demonstrate
the varying susceptibility of the examined staphylococcal strain.
All probed wavelengths achieve a significant antimicrobial effect,
except 500 nm, where the log10 reduction values are not signifi-
cantly differing from the nonirradiated control.

An earlier study with spectrally dissolved disinfection behav-
ior (28) was conducted with S. aureus in the range between 400
and 430 nm in which a clear peak at 405 nm was identified and
disinfectant properties at wavelengths above 430 nm could not
be observed. With porphyrins having their absorption maximum
at these wavelengths, the investigation of Maclean et al. is
regarded as crucial for elucidating the mechanism behind violet
light irradiation. With the same motivation, the present study
was aimed to gain knowledge about the photosensitizer(s) active
around 450 nm in S. carnosus.

Another publication studied the effect of visible light in the
range between 400 and 450 nm on Listeria monocytogenes (20).
The highest disinfection success was achieved at 405 nm with a
log10 reduction of 1.45. In addition, a 0.04 log10 reduction of
bacterial growth was observed at 450 nm, which was not signifi-
cant compared to the nonexposed control at a 95 % confidence
interval with an applied dose of 123.3 J cm�2. However, a fixed
dose of 123.3 J cm�2 for all applied wavelengths was used in
this study. When taking into account that the disinfection pro-
gress with series of ascending doses is described as nonmonoex-
ponential, an applied dose leading to a reduction of 1.45 log10 at
405 nm will probably not achieve a 1 log10 reduction with the
less impactful 450 nm. The antimicrobial effect will most likely
lie within the shoulder of the curve or may even only cause tol-
erable damage that can be repaired by the bacterial cell. As illus-
trated in Fig. 3, this may lead to a falsified impression of the
antibacterial capacity. In the last years, several studies demon-
strated a considerable bacterial reduction with an irradiance in
the wavelength range around 450 nm (16,29,32,42,45,48,49)
although this wavelength exerts a twofold to fivefold lower
impact than 405 nm exposure.

Therefore, in this study we did not use a fixed irradiation dose
but rather tried to achieve approximately the same log10 reduc-
tion levels for each wavelength and compared the necessary
doses to achieve this disinfection goal, rather than the log10
reduction itself. This was a bit more time-consuming but ensured
that it is possible to assume a linear model without falsifying the
overall impact by shoulder effects too much. Moreover, the
range of the spectral examination was extended to 390–500 nm
in order to be able to detect the disinfection efficacy around
450 nm and still obtain results for the region around 405 nm as
a control. We could then compare the impact of wavelength
groups and their underlying photosensitizers.

Generally, the effect of growth reduction is increasing with
the applied dose. Several studies suggested that the increase is
solely dependent on the light dose, which is the product of time

and irradiation intensity, independent of the proportion of the
two parameters, at least within certain intensity limits (20). The
question of the curve progression is yet not clarified. Many
authors refer to a linear behavior while more recently authors
noticed other progressions, with more gently descending parts,
especially at the beginning. In the present study (at least), two
different doses were applied for all wavelengths to map the over-
all disinfection progress instead of a single point of time, by
building a linear fit averaging a possible nonmonoexponential
shape (see Fig. 3).

Dividing the measured log10 reduction by the applied dose
allowed to aggregate the two-dose levels per wavelength and
gave the theoretically achieved log10 reduction per applied
J cm�2 as sensitivity. This approach had the advantage of mini-
mizing the risk to rely on values located in the range of the pre-
viously mentioned shoulder. As reduction levels of 2.5–3.5 log10
were aimed for at the second dose, additionally to reach a value
over 1 log10 at the first applied dose, a general consideration of
the antimicrobial capacity is achieved. The reciprocal of our sen-
sitivity value gives the dose required for reaching one log10 level
reduction.

Already years before, but sparsely cited in the current literature,
action spectra have been measured to investigate the wavelength
sensitivity to visible light of certain strains (46,47) considering the
1/F37 value, which represents the reciprocal of the fluence result-
ing in 37 % survival. However, it has to be honored that they did
not only recognize a shoulder at 330–340 nm in the UV range
and 390–410 nm as location of disinfectant efficacy in the violet
range for the examined E. coli strains, but also at blue wave-
lengths of 460 nm up to 510 nm for E. coli (47).

Measured action spectrum in detail

Regarding the results from the action spectrum itself, the extre-
mely high sensitivity value at 390 nm compared to all other
wavelengths is notable at once (Table 2). On the one hand,
coproporphyrin III, one of the most frequently named photosen-
sitizers, has its absorption maximum at comparably lower wave-
lengths and is absorbing at 390 nm to a great extent. Not only
porphyrins have their absorption maxima here or at slightly
lower wavelengths. Some vitamins, like vitamin A and K-1, that
have been recognized as potential photosensitizers, as well as fla-
vin species, absorb here (55). Moreover, 390 nm is the wave-
length, of those examined, nearest to the UV range. As Kjeldstad
(56) detected, there are different mechanisms for near-ultraviolet
and visible light, highlighted by the reaction to azide, D2O and
superoxide dismutase (SOD) combined with irradiation experi-
ments. 390 nm lies more or less exactly between their examined
wavelengths of 360 and 415 nm with 30 and 25 nm distance,
respectively. It is not unlikely that already here mechanisms of
UV reduction are taking place, at least in parts. As the employed
390 nm LED emits noticeable short-wavelength fractions as far
as 370 nm, both UV influence and involvement of further unde-
fined photosensitizers seem to be likely. For these reasons, the
sensitivity value at 390 nm was not included in the calculation
of photosensitizer involvement.

For visible-light inactivation, we reached a value of
12.78 J cm�2 for one log10 reduction for the most distinct disin-
fection impact between 400 and 500 nm, which we found at
415 nm. For S. aureus, Maclean et al. (28) reached 2.4 log10 at
23.5 J cm�2, which is a value of 9.8 J cm�2 needed for a log10
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reduction, for their prominent wavelength of 405 nm, which lies
within similar magnitudes.

Our main peak of sensitivity in the violet range, however, lies
at 415 nm instead of 405 nm, with the latter being mostly
referred to as the most effective wavelength for visible-light irra-
diation in the literature. These results are supported by a study
from Kjeldstad and Johnsson (46) who have also identified
415 nm as most effective when scanning the range between 320
and 440 nm for P. acnes, albeit the difference to 405 nm is not
explicit and presumably without significance.

Interpretation of absorption and fluorescence measurements

In our view, the reason for this unexpected outcome is the photo-
sensitizer composition of the investigated S. carnosus strain,
which is supported by absorption and fluorescence measure-
ments. The absorption of an equivalent culture as used in the
irradiation experiments contains a broad peak between 400 and
440 nm after eliminating the background. The main peak can be
found at 423 nm (Fig. 8a), which differs by approximately
20 nm from the absorption that would have been expected for
PPIX absorption alone, from which the main sensitivity of bacte-
rial strains at 405 nm is usually derived. From the distinct width
of the lysate absorption peak, it can be assumed that it contains
a mix from both protoporphyrin IX and zinc protoporphyrin IX,
with a great extent of the latter.

Having a look at the fluorescence measurements at 405 nm
excitation (Fig. 8b), a peak at 586 nm is visible additional to the
peaks of the often named porphyrins uroporphyrin, copropor-
phyrin III and protoporphyrin IX. This peak, which has already
been noticed but not identified in other bacterial species
(33,57,58), points to ZnPPIX. In a culture incubated 25 days at
room temperature, it represents the main peak of the spectrum,
while in a culture alike the irradiated ones, incubated for 4 h, no
fluorescence is visible at 586 nm. However, this peak is located
in the wavelength range of the strong, descending flavin fluores-
cence emission and is therefore technically difficult to detect. A
fluorescence excitation measurement performed in a microplate
reader on a homogenized sample of the exponential culture sup-
ports the presence of ZnPPIX at a time point used for irradiation
experiments. The excitation wavelength scan measured for an
emission at 586 nm comes to a clear peak at 414 nm, after elim-
inating the flavin background (Fig. 8c). Compared to the absorp-
tion measurement of 423 nm with the spectrometer, the
excitation peak measured in the microplate reader is shifted by
9 nm. Performing the same measurements with PPIX in DMSO
(emission wavelength 620 nm for the excitation scan), a compa-
rable shift of 7 nm between the maxima of the absorption mea-
surement (408 nm) and the excitation scan (401 nm) occurs.
When measuring excitation, multiple other chromophores might
show additional fluorescence at the examined emission wave-
length, which results in relatively broad peaks and may also
result in a shift. The obviously general differences between the
two measurement methods of absorption and excitation of 7–
9 nm point toward a good match between the two ZnPPIX max-
ima and therefore the existence of this photosensitizer in an
exponential 4 h culture, even though not visible in fluorescence
emission measurements.

Staphylococcus carnosus is generally capable to produce
ZnPPIX (59). The strain is often used in the food industry for
the fabrication of meat products (60,61), making use of that same

molecule for coloring of sausage products. The accumulation of
high concentration of ZnPPIX occurs after a couple of days (62),
which matches our observations.

Until now, metalloporphyrins have not been paid much atten-
tion concerning the antimicrobial effect of visible light. Plavskii
et al. (42) even explicitly state that metalloporphyrins do not
play a role in their inactivation studies as no such fluorescence
was detected in their samples. The same was the case for fluores-
cence emission in our experiments (Fig. 8b) as it is difficult to
detect ZnPPIX emission on top of the descending slope of flavin
emission, but still the presence of ZnPPIX in S. carnosus could
be verified by careful analysis of absorption and excitation spec-
tra. Possibly not all staphylococcal strains contain metallopor-
phyrins at relevant levels but in our case the shift of the
sensitivity peak compared to other staphylococcal studies sup-
ports this interpretation.

At the second part of the action spectrum, in the blue wave-
length range, a plateau appears with no significant differences
between the wavelengths 450, 460 and 470 nm. This finding is
compatible with the absorption of flavins. The relatively wide
fluorescence of flavin species between 470 and 650 nm was
already detected in the fluorescence sample. Statistically, it is
possible to define the limits of the plateau as the irradiation sen-
sitivity significantly differs from both 440 and 480 nm inactiva-
tion, referring to calculated contrasts. Generally, the statistical
analysis illustrates two separable peaks around 415 nm and from
450 to 470 nm (Fig. 6). A similar plateau in the blue region was
detected in 1976 (47) at 460–510 nm when performing measure-
ments between 320 and 550 nm with E. coli. A more recent
review about visible-light inactivation on oral bacteria likewise
observed the accumulation of data points in the region around
405 nm and 450–470 nm, when considering investigations in
which more than 3 log10 could have been achieved (16).

Involvement of Flavin species and ZnPPIX

The hypothesis of flavins being the responsible photosensitizer
for disinfection at blue wavelengths has to be substantiated by
further studies. Until now, fluorescence emissions in bacterial
lysates have been detected with excitation around 450 nm
(32,42,63), which first of all proves the existence of a chro-
mophore with correspondent absorption and emission spectra. At
the same, time flavins are generally able to generate ROS (50–
52). Cieplik et al. (32) as well as Plavskii et al. (42) could
achieve a considerable reduction at 460 and 445 nm irradiation
for each treated microorganism, respectively, which can lead to
the conclusion that the existent flavins are the responsible photo-
sensitizer here. Their actual involvement at the process of inacti-
vation is, however, hard to determine since only single
wavelengths have been investigated so far. Other, hitherto
unknown, chromophores absorbing in the blue range might as
well contribute.

Based on the observed action spectrum of several investigated
wavelengths, we tried to calculate an estimation of potential pho-
tosensitizers based on their absorption spectra. As can be seen in
Fig. 7, the peak in the violet range is dominated by a porphyrin,
in our case probably ZnPPIX, which has a decreasing slope to
longer wavelengths with still a quite remarkable share at 440 nm
and a strong decrease toward 450 nm. The only sparsely lower
impact of 440 nm compared to 405 nm can be explained by the
assumption that ZnPPIX is involved to a great amount.
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Riboflavin, used as a representative for all flavin species, as
their absorption spectra do not vary widely, shows constant
involvement with a slightly elaborate peak at 450 nm and a
decrease from 480 nm to longer wavelengths. As correlations
between porphyrin content and disinfection success are not
always given, Plavskii et al. (42) postulate the presence of
another bacterial photosensitizer besides porphyrins in the violet
range. The involvement of flavins in the bacterial inactivation at
violet light inactivation seems to be possible according to our
data. The exact percentage values of different photosensitizers
may vary, but porphyrin stimulation alone cannot explain the
antimicrobial effects. Including flavins provides a good base for
the calculation.

Furthermore, there have been inactivation studies at 405 nm
on Enterococcus faecalis (5,8,64) and Streptococcus pyogenes
(8) which required a dose of 96, 43.8 and 130 J cm�2 for E. fae-
calis and 10.8 J cm�2 for S. pyogenes, respectively, to reach a
reduction of 1 log10 (45). However, Enterococci (65,66) and
Streptococci (66) are not capable of synthesizing porphyrins. A
photoinactivation mechanism solely based on porphyrins is there-
fore not possible. Other photosensitizers have to be active at vio-
let wavelengths as well, to explain this phenomenon. Cieplik
et al. (32) found evidence of flavin fluorescence with 350, 400
and 460 nm excitation illustrating that also in the violet wave-
lengths range flavins are excitable and may be involved. In con-
clusion, practically all bacterial strains should be sensible to
violet and blue light irradiation as flavins occur ubiquitously.

Benefits and challenges of action spectra

It stands out that absorption spectra measured in DMSO deliv-
ered better results for the fit than the ones in PBS. Since bacte-
rial cytoplasma equals rather aqueous conditions, this might be a
hint to a protein-bound appearance of the photosensitizers. As
absorption spectra of photosensitizers largely vary due to envi-
ronmental conditions such as pH and solvent media (37,67), fur-
ther research should be carried out on absorption conditions
within bacteria.

It has to be considered, that even if the shape of the action
spectrum seems to represent a continuous gradient dependent on
the wavelength, it contains selective measurements at certain
wavelengths that are a mix of the referred wavelength as well as
neighboring wavelengths, as LED emissions are defined by a
bell-shaped distribution (Fig. 1). The resolution of the resulting
action spectrum is therefore not only based on the number of
wavelengths examined but limited by the bandwidth of the LEDs
used. Bandwidths of LEDs and absorption spectra of photosensi-
tizers, respectively, lead to the fact that generating sharp peaks is
technologically not possible. More likely a rather blurred repre-
sentation of the active photosensitizers contained in the investi-
gated bacterium is achievable.

Nevertheless, a spectral distribution efficacy seems generally
to be a good possibility for comparing the reactions of different
bacterial species to the exposure of visible light. Rather than
using only selected wavelengths, an action spectrum with a spec-
tral distribution offers the possibility to draw conclusions about
the photochemical potent photosensitizers present in the exam-
ined species and the proportion of their involvement in photoin-
activation. Direct comparisons between wavelengths within the
experiment are possible as the equivalence of external experi-
mental aspects is given, which often leads to problems when

comparing results of different research groups. Likewise, the
comparison of broad but resolved spectral behaviors would
increase the comparability between measurements of different
research groups. Therefore, examination of further strains with
this method is recommended.

CONCLUSION
The spectral distribution of disinfection success in the blue wave-
lengths range represents a good match to the absorption spectrum
of flavins. Flavins could therefore be involved in a photosensitiz-
ing process, even though it is not proven whether they are the
only active chromophores. Until now, only the existence of fla-
vins in the bacterial cells and their general ability to generate
ROS were demonstrated, while this study presents evidence of
flavins being actively involved in the antimicrobial effects of visi-
ble light. This applies not only to blue wavelengths, since the cal-
culation of the involvement of certain photosensitizers illustrates
that flavins may also play an important role at violet wavelengths.
A spectral scan of sensitivities via an action spectrum might gen-
erally be advantageous for quantifying the impact of irradiation
experiments, since better comparability between research groups
is given through this approach and more details about chro-
mophores can be determined. In case of the investigated strain
S. carnosus, we detected zinc protoporphyrin IX as a relevant
photosensitizer by this means, which has not been taken into
account for a contribution to photoinactivation processes before.

In conclusion, with this study we provided experimental evi-
dence of the involvement of flavin species concerning visible-
light inactivation at blue wavelengths and furthermore detected
the contribution of the metalloporphyrin ZnPPIX at violet wave-
lengths in S.carnosus by application of an action spectrum.
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