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Abstract

Riboflavin

Objective It has been observed that viruses can be inactivated by UVA radiation and visible light. The aim of this
study is to investigate whether a medium that contains a photosensitizer might have an influence on viral reduction
under irradiation by UVA, violet or blue light. Test virus is the bacteriophage PhiX174 in the photosensitizer-free SM
buffer and DMEM-F12, which contains the known photosensitizer riboflavin.

Results The determined PhiX174 D90 doses in SM buffer and DMEM were 36.8 J/cm? and 13.6 J/cm? at 366 nm,
153.6 J/cm?and 129.1 J/cm?® at 408 nm and 4988 J/cm? and 2477.1 J/cm? at 455 nm, respectively. It can be concluded
that the medium has a large influence on the results. This might be caused by the photosensitizer riboflavin in
DMEM-F12. As riboflavin is a key component in many cell culture media, irradiation experiments with viruses in cell
culture media should be avoided if the investigation of intrinsical photoinactivation properties of viruses is aimed for.
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Introduction

Since the beginning of the coronavirus pandemic in 2019,
the awareness towards viruses has increased and thus
also the demand for disinfection in all areas of every-
day life and especially in healthcare facilities. The most
accepted method is chemical disinfection, e.g. with etha-
nol [1]. In addition, methods like thermal or UV (ultravi-
olet) disinfection are also widely applied [2—4]. Especially
for UV disinfection, numerous studies have already been
published about its effectiveness on viruses [5-9], though
it is also harmful to humans [10-13].
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As an alternative, disinfection with visible light is
already employed in photodynamic therapy [14] and for
inactivation of microorganisms, such as bacteria or fungi
[15-18]. The mechanism is based on external or endog-
enous photosensitizers such as flavins and porphyrins,
which are stimulated by light absorption. As a result,
reactive oxygen species (ROS), such as singlet oxygen or
oxygen peroxides, are produced in an oxygen-contain-
ing environment. These reactive molecules damage cell
structures, like cell membranes or cellular lipids and pro-
teins, by oxidative processes and thus inactivate the cell
[19-21].

Even though viruses seem not to be microorganisms
[22], studies have already been published, which prove
that viruses, such as coronaviruses or influenza viruses,
can also be inactivated by irradiation in the blue or vio-
let spectral range [23—27]. Advantage of irradiation in the
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visible spectral range is that it is much less harmful for
human cells than UV radiation [28-30].

However, published irradiation results were performed
in different liquid media [23, 31-37] and some of these
media contain photosensitizers. The known photosen-
sitizer riboflavin can be found in many culture media
but other components like vitamin A, D,, D5, E and K;
might also exhibit photosensitizer properties at least
under UV irradiation [32, 38]. However, besides ribo-
flavin, these vitamins are no part of standard media like
MEM, DMEM or RPMI. The question arises whether
external photosensitizers in the medium have a strong
influence on the observed log-reduction doses when irra-
diated with light in the violet and blue spectral range.
For example, the influence of external photosensitizers
in the visible spectral range has already been proven for
Escherichia coli [39, 40]. As Hessling et al. found out by
comparing different published results on photoinactiva-
tion of viruses by light, the irradiation doses differed by
up to a factor of ten depending on the applied medium;
moreover, riboflavin may be the most frequently involved
external photosensitizer [41].

The resulting wide range of literature values could
misrepresent the pure photosensitivity of viruses. Con-
sidering the fact that viruses do not have their own
metabolism [42] and the hypothesis that they do absorb
endogenous photosensitizers from the host [41], the pho-
tochemical effect observed in bacteria could also occur
in viruses. Since the photosensitivity to visible light has
already been verified for E. coli [39, 40], a bacteriophage
was selected for the study that would infect this bacte-
rium and use it as host. In order to be able to observe
possible small effects, a phage was chosen that only has
a capsid and no separate envelope, as these are less sensi-
tive to environmental influences [43].

The purpose of this study is to investigate, whether
viral photosensitivity depends on the applied medium
that contains the viruses. Test virus is the bacteriophage
PhiX174 and the irradiation is performed with blue
(455 nm) and violet (408 nm) light and UVA radiation
(366 nm) for comparison. Media are saline magnesium
(SM) buffer (without photosensitizer) and Dulbecco’s
Modified Eagle’s Medium DMEM-F12 with a medium
riboflavin concentration.

Materials and methods

The bacteriophage PhiX174 (DSM 4497) and its recom-
mended host E. coli (DSM 13127) were obtained from
DSMZ (German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany). A bacterial colony of
E. coli was cultured in 3 ml Luria Bertani (LB) medium
for 3 h at 37 °C and 170 rpm. Thereafter, the culture
exhibited an optical density of 0.15 at 600 nm, which was
equivalent to 1x10° colony forming units (CFU)/ml. The
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bacteriophages were enriched in SM buffer as recom-
mended by DSMZ and a stock solution with a titer of 10
viruses / ml was prepared as described by Sambrook and
Russel [44]. The SM buffer has a transmission of >98%
for the relevant wavelengths [9]. The transmission of the
DMEM-F12 medium (including about 0.2 mg/1 ribofla-
vin) used here was measured with a Specord Plus absorp-
tion spectrometer of Analytik Jena (Jena, Germany). A
10 mm quartz cuvette filled with distilled water served as
a reference. The transmission of both media is illustrated
in Fig. 1. The transmittances relevant to this work were
56% @ 366 nm, 67% @ 408 nm and 59% @ 455 nm.

For irradiation in the UVA range, a “3UV-36 lamp”
from Analytik Jena with a peak emission at 366 nm was
selected. In the visible spectral range, high-power LEDs
were applied: “LZ4-40UA00-00U8” as violet irradiation
source and “LZ4-40B208-0000" for the blue spectral
range, both of Led Engin (San Jose, USA). The irradiances
during the experiments, were 1.80 mW/cm?® (366 nm,
UVA), 17.5 mW/cm® (408 nm, violet light) and 70 mW/
cm? (455 nm, blue light).

The phage stock solution was diluted to a concen-
tration of 107 plague forming units per ml (PFU/ml)
before each experiment. For the irradiation, a sample
of 3 ml was filled into quartz beakers for UVA (366 nm)
and in glass beakers for violet and blue light, which had
a diameter of 22 mm. The filling height was approxi-
mately 10 mm. To prevent heating of the sample and to
ensure a constant temperature of 20 °C, the samples were
cooled by a water bath type Thermocell of Biozyme Sci-
entific (Hessisch Oldendorf, Germany) during irradia-
tion and controlled frequently. After defined periods of
time, 100 pl samples of the irradiated phage suspension
were taken and irradiation was continued. Each time,
three samples were taken and three independent series
of experiments were performed. Phages dissolved in SM
buffer or DMEM were each diluted to 10~¢ by dilution
series (900 pl SM buffer+100 pl sample). 100 pl of each
phage sample was mixed with 100 pl of bacterial suspen-
sion diluted 1/10 with phosphate buffered saline. After an
incubation period of 10 min, the phage-bacteria suspen-
sion was mixed with soft agar and poured on to LB agar
plates using the “double agar layering technique” referred
to by DSMZ [24, 45]. Soft agar was based on LB medium
but contained only 6 g/L of agar, resulting in low viscos-
ity. It was not supposed to fall below or rise above a tem-
perature of 50 °C, otherwise the soft agar would solidify
or the phages or bacteria would start to denature. Subse-
quently, the agar plates were placed in a 37 °C incubator
to incubate the bacteria with the phages for 4—6 h. After
reaching the incubation time, the plaques in the bacterial
lawn were counted. By comparing the PFU before and
after irradiation, the achieved reduction of phages was
depicted. Average log-reduction doses were calculated by
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Fig. 1 Normalized irradiation spectra and transmission spectra of DMEM-F12 and SM buffer for an optical path length of 10 mm

the achieved reduction at the highest applied dose. The
D90 dose was determined on the basis of the first reduc-
tion of 90% or higher.

Results

A phage reduction was observed in both media, with
large differences between the different wavelengths. The
results are illustrated in Fig. 2. The course of the reduc-
tion deviates more or less from an exponential course,
which would be a straight line in the semi-logarithmic
representations. Detailed results are listed below.

366 nm irradiation (UVA)

The 366 nm (UVA) inactivation experiment lasted 24 h,
which corresponded to a total irradiation dose of 155 J/
cm’. An average log-reduction dose (total irradiation
dose / total log-reduction) of 58.2 J/cm® in DMEM and
42.5J/cm? in SM buffer was determined for one log level
reduction of PhiX174. The corresponding D90 doses are
18.2 J/cm® in DMEM and 36.8 J/cm? in SM buffer.

408 nm irradiation (violet light)

The 408 nm (violet) inactivation experiment lasted 24 h,
which corresponded to a total irradiation dose of 1512 J/
cm®. An average log-reduction dose of 303.7 J/cm® in

DMEM and 729.8 J/cm? in SM buffer was determined for
one log level reduction of PhiX174. The corresponding
D90 doses are 157.5 J/cm?® in DMEM and 153.6 J/cm?® in
SM buffer.

455 nm irradiation (blue light)

The 455 nm (blue) inactivation experiment lasted
72 h, which corresponded to a total irradiation dose of
18,144 J/cm®. An average log-reduction dose of 6796.3 J/
cm® in DMEM and 10,506 J/cm? in SM buffer was deter-
mined for one log level reduction of PhiX174. The cor-
responding D90 doses are 3217 J/cm® in DMEM and
4998 J/cm? in SM buffer.

Discussion
The low DMEM transmission illustrated in Fig. 1 com-
plicates a quantitative comparison of PhiX174 photo-
sensitivities between both media. Therefore, as a more
realistic measure of the actual applied average irradiation
dose inside DMEM, the irradiation intensity and irradia-
tion behind a 5 mm DMEM layer (half the sample height)
is calculated by the Beer-Lambert law.

The corrected log-reduction doses and D90 doses for
PhiX174 in DMEM and the corresponding unmodified
SM buffer doses are listed in Table 1.
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Fig. 2 Irradiation of the phage PhiX174 at 366 nm (top), 408 nm (middle) and 455 nm (below). The reduction in DMEM is plotted in red and for SM in grey.
The corresponding unirradiated controls are black (DMEM) and blue (SM). The error bars give the standard deviation of the triplicates
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Table 1 Corrected log-reduction doses and D90 doses for
DMEM and corresponding unmodified doses for SM buffer

wave- medium average log- average D90 D90

length reduction log-reduc- dose dose

[nm] dose [J/cm?] tiondose  [J/cm?] ratio
ratio

366 DMEM 436 0.97 13.6 271

UVA SM 425 36.8

408 DMEM 249 293 129.1 1.19

violet SM 729.8 1536

455 DMEM 5233.1 2.00 2477 2.02

blue SM 10,506 4998

The higher the wavelength the higher the average log-
reduction doses and D90 doses with a difference of about
two orders of magnitude between 366 and 455 nm. The
determined D90 doses are always lower in DMEM. This
higher photosensitivity might be caused by the riboflavin
within the DMEM as riboflavin is a known photosensi-
tizer with strong absorption in the UVA and violet and
blue spectral range [46-48]. As DMEM-F12 also contains
other components besides riboflavin, including other
vitamins, it is open whether the observed photoinactiva-
tion is solely caused by riboflavin. However, more impor-
tant is the fact that there are actually photosensitizers
in the medium and they influence the photoinactivation
results.

This difference between DMEM and SM buffer is also
observed for the average log-reduction doses for 408 and
455 nm irradiation, but not at 366 nm. For this wave-
length, the average log-reduction doses are virtually
identical, although the virus reduction at small doses is
evidently stronger in DMEM. The latter is well illustrated
by the non-linear or non-exponential curve of virus
reduction in DMEM in Fig. 2, which exhibits a substan-
tially reduced photosensitivity after higher irradiation
doses.

Since riboflavin is known to be not photostable [46—
50], it could be that riboflavin is no longer present at
higher doses, reducing the difference between the media.

However, quantitative testing of the hypothesis that the
differences between virus inactivation in DMEM and SM
buffer are caused only or predominantly by riboflavin in
the medium is difficult. First, the PhiX174 photoinactiva-
tion mechanism is not understood even in SM buffer, and
second, riboflavin photochemistry is complex. Photoly-
sis of riboflavin leads predominantly to the formation of
lumichrome, which can also act as a photosensitizer but
exhibits different absorption properties than riboflavin
[47-49].

Conclusions

Irradiation of PhiX174 at 366 nm (UVA), 408 nm
(violet) or 455 nm (blue) lead to virus inactivation
by all wavelengths and in both media. The PhiX174
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photosensitivities, expressed as average log-reduction
doses or D90 doses, differ by approximately two orders of
magnitude between 366 and 455 nm.

There is also a noticeable difference in the photosensi-
tivities between PhiX174 in DMEM and SM buffer, espe-
cially if the optical transmission of DMEM is considered.
This might be caused by riboflavin in DMEM, which
could act as external photosensitizer.

Therefore, if intrinsical photosensitivities of viruses
are investigated, external photosensitizers that are com-
monly found in cell culture media, should be avoided.

Limitations

Here, we examined only a single phage to determine
whether photoinactivation was dependent on the
medium and no additional viruses. However, PhiX174 is
the first virus we have ever studied in this context, and
already in this first virus we found a medium depen-
dency. We suspect that this is also true for other viruses,
or if it is declared that a virus photoinactivation does not
depend on the medium, this must be proven.

Abbreviations

LED light emitting diode
UVA Ultraviolet radiation in the spectral range 315 to 400 nm
DMEM Dulbecco’s Modified Eagle’s Medium

SM buffer  saline magnesium buffer
PBS phosphate buffered saline
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