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Abstract

To understand the importance of terrestrial solar exposure on human skin, not only individual spectral components need to
be considered in biomedical studies, but also the relevance of the combined action profile of the complete solar spectrum
(cSS) must be established. We therefore developed a novel irradiation device that combines the emission of four individual
lamps (UVB, UVA, VIS and nlR) to achieve exposure from 280 to 1400 nm with individual controllable lamps. The inte-
grated irradiance of each spectral band is similar to the solar spectrum. The lamps can be utilised individually or in any
desired combination. Here we present the design, realisation, and validation of this irradiation device as well as biological
results on cellular metabolism (MTT assay), cell cycle alterations, and clonogenic growth in HaCaT cells after exposures
to the individual spectral bands as well as their simultaneous combinations. Thereby, we demonstrate that UVB combined
with UVA is the main determinant for the metabolic activity within cSS. Also, UVB-dependent effects dominate cell cycle
regulation in ¢SS, whilst UVA and nIR have little influence. Lastly, also clonogenic growth is dominated by the UVB action
profile in ¢SS, despite nIR showing modulatory activity when applied in combination with UVB. Together, this highlights
the regulatory influence of the different spectral bands on the three biological endpoints and demonstrates their modulation
when being part of the complete solar spectrum.
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1 Introduction

Although there exists overwhelming evidence that UV
radiation (280—400 nm), reaching the surface of the earth,
is the most important risk factor for skin cancer initiation,
the contribution of the different wavelength regions (UVB:
280-315 nm, UVA: 315 — 400 nm) to this development is
still poorly understood. Additionally, it is unclear whether
the other components of optical radiation, emitted from the
sun (visible light (Vis) and near-infrared radiation (nIR)) act
synergistically (additively) or, eventually, even in a compen-
satory way. Indeed, there is no scientific evidence stating
that UV exposure is exclusively responsible for skin dam-
age [1]. The historical wavelength bands definitions are not
directly related to biological effects, which show a continu-
ous transition. Therefore, this issue needs to be addressed for
a correct risk estimation and assessment of terrestrial solar
radiation impact on biological systems, as optical radiation
qualities are always delivered simultaneously.

Experimental evaluations of the exposure of humans and
cultured cell lines to solar radiation have been undertaken for
many years. These studies were either performed using indi-
vidual spectral regions in the UVB or UVA range [2-6] or
solar spectrum simulator radiation (SSR) devices were used
[7, 8]. The majority of studies using SSR is based on xenon
lamps combined with spectral filters to adapt the emission
to the solar reference spectrum (air mass filters) [9-11].
The solar spectrum can be mimicked to a good extent (e.g.
0.875-1.125 spectral match in Class A+ SSR devices) in
a spectral range from 280 to 800 nm and an irradiance of
several solar equivalents can be achieved, for studying, e.g.
photo-ageing or skin cancer [12]. However, most of devices
share the disadvantage of limited emission and missing the
typical water absorption bands in the nIR spectral range
[13]. Furthermore, the xenon-based SSR devices often have
a size-limited homogeneous irradiation area and produce an
excessive amount of heat. Recent technological improve-
ments have led to the development of LED-based SSRs [14,
15]. These devices use a combination of individually tuned
narrow-banded LEDs to mimic the solar spectrum. Yet, the
LED-based SSRs also have some limitations. One impor-
tant drawback is the low irradiance in the UV (B) and nIR
range, due to design limits in the LED substrates. Especially,
wavelengths greater than 1100 nm are under-represented and
mostly, only the visible spectrum is matched to the refer-
ence solar spectrum. Moreover, to perform wavelength-spe-
cific exposure (e.g. in the UV wavelength band), the SSR
spectrum requires additional filtering, e.g. UG filters are
introduced to block the visible light spectral components
(400-700 nm).

Whilst in conventional SSRs, the spectrum is fixed and
can only be altered using specific filters for each specific
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condition, a device allowing for spectral band-specific
irradiation would be desirable. This would allow mim-
icking different exposure conditions more easily, such as
geographical location, ozone layer conditions, season, and
effects of sunscreens on different wavelength bands.

Besides improving the area of application, such a device
would be suited to also address fundamental radiation bio-
logical questions. Accordingly, it is well accepted, and there
is ample literature [16—19] reviewed in [20], that the indi-
vidual spectral bands exhibit different efficacy to induce cer-
tain biological effects (e.g. differences in the action spectra
for UVB and UVA). In addition, evidence is emerging that
the combinations of different spectral bands (e.g. UVB plus
UVA, or UVB plus nIR exposure) lead to different biological
effects that are not purely additive [21-25]. Therefore, an
SSR with tunable spectral bands would be most instrumental
for the understanding of solar exposure [26-28].

Here, we describe an SSR that is based on four individual
lamps/tubes for the four spectral bands (UVB, UVA, VIS,
and nlIR), and importantly, which are individually control-
lable. With biological proof-of-principle experiments, we
demonstrate the relevance and practicability of this radiation
device, thereby providing first evidence that the combined
spectrum (from UVB to nIR) introduces qualitatively and
quantitatively different biological effects compared to the
different individual wavelength bands.

2 Materials and methods
2.1 Irradiation device

In contrast to existing irradiation sources, where the emis-
sion of a single lamp is filtered by appropriate filters [12],
the new irradiation device used an additive approach. The
part of the solar spectrum in the range of 280-1400 nm is
generated by four lamps and combined with dichroic beam
combiners onto the sample. Optical filters and dichroic
beam combiners control the spectral ranges of the indi-
vidual lamps. In addition, each lamp is electrically inde-
pendently switchable and the UVA, UVB, and nIR lamps
can be attenuated by specific filters (optical and metal mesh
filters) in the corresponding filter sliders. The infrared lamp
is additionally filtered by an actively cooled water cuvette
and a near-IR-specific band pass filter. The construction of
the irradiation device based on four individually controllable
lamps is described in detail in the results section. In brief,
the cells were irradiated with the following photo-physical
conditions: the irradiation area has a size of 17 by 17 cm and
thus allows to irradiate five p60 dishes or two 6-well plates
simultaneously. The complete base plate of the irradiation
device is temperature controlled by Peltier elements to keep
the temperature constant.
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The standard exposure setting as used in this study pro-
vides 0.36 kJ/m* UVB, 27.5 kJ/m* UVA, 129 kJ/m* VIS and
150 kJ/m? nIR in approximately 560-630 s, depending on
actual lamp output. From these values, the irradiance can
be calculated to be approximately 0.64 W/m? (UVB), 42 W/
m? (UVA), 120 W/m? (VIS) and 220 W/m? (nIR), respec-
tively. The irradiance is measured before each exposure, and
the exposure times are adjusted accordingly to compensate,
e.g. for lamp ageing. This is achieved by a built-in CCD
array spectrometer (Model LR1, Aseq Instruments, Canada),
which is fibre-coupled (SMA905) to a cosine adapter located
at the centre of the irradiation chamber base plate. This spec-
trometer allows for every day calibration and compensation
of lamp ageing or changes in the spectral composition of the
irradiation device. The installed spectrometers were cali-
brated against a BN 9101 reference lamp (Gigahertz-Optik,
Germany) by Photometrik GmbH (Germany). All photomet-
ric calculations are performed using a home-made graphical
user interface (Processing (www.processing.org)) and the
hardware components are controlled through an Arduino
micro-computer capable of switching the individual lamps.
For each radiation experiment, the user records the actual/
current emission spectrum of the lamps using the Aseq soft-
ware and loads the spectrum into the lamp control software.
After providing the set exposure time, the software uses the
stored calibration file for the Aseq spectrometer to convert
the counts to doses. Then the user sets the desired exposure
conditions for each spectral waveband individually and starts
the exposure. After the calculated times have been reached,
the Arduino microcontroller automatically switches off the
respective lamp. An example of the user interface is given
in supplementary materials S2.

2.2 Cell culture

HaCaT cells [29] (distributed by CLS Cell lines Service #
300493) were grown in DMEM (4.5 g/L Glucose, L-Glu-
tamine, Sodium pyruvate, 3.7 g/ NaHCO;) (Pan Biotech)
containing 10% FBS (Capricorn) and 0.1% Pen/Strep (Pan
Biotech) at 37 °C in the presence of 5% CO,. For irradia-
tion, the culture medium was replaced by prewarmed PBS
and directly after irradiation, the PBS was changed again
to complete culture medium. For cell harvest, HaCaT cells
were treated with PBS/EDTA (1 mM) for 2 min followed by
Trypsin/EDTA (0.5%/0.2%) for 10 min. Enzymatic activ-
ity was stopped by adding 5 mL culture medium and after
centrifugation (5 min, 200 g) the single cell suspension was
available for further analysis.

2.3 Irradiation

Cells were seeded as described for the individual experi-
ments. The culture medium was replaced by pre-warmed

PBS and the cells were irradiated with the indicated doses
and spectral combinations. During irradiation (between 10
and 42 min), the temperature of the cells was kept constant
at 36 °C by the built-in Peltier element. Temperature was
confirmed for several irradiation experiments using a digital
temperature probe inserted into the PBS. No significant tem-
perature change was measured during the time of irradiation.
Mock-irradiated samples were transferred to PBS and placed
inside the irradiation device, but covered in aluminium foil
for the same time as the exposed samples. Exposed samples
were normalised to the mock-irradiated controls.

2.4 Flow-cytometric quantification of cyclobutane
pyrimidine dimers (CPDs)

To compare the biological effects of four similar irradiation
devices, located in four different laboratories, we performed
a ring trial, relying on flow cytometry-based quantification
of UVB and UVA-induced cyclobutane dimers (CPDs). For
this, HaCaT cells were irradiated in the individual labs with
their respective irradiation devices with increasing doses
of UVB (120-288 J/m?) as well as with one dose of UVA
(22 kJ/m?) and CPD induction was measured in the reference
laboratory for all samples simultaneously.

For each measurement, 5 x 10° HaCaT cells were seeded
in 60 mm Petri dishes and grown under standard conditions
(see above). Cells (in PBS) were exposed to different doses
of UVB and UVA at a confluence of 80-90%. Immediately
after irradiation, the cells were harvested. The single cells
were fixed in 70% ethanol by drop-wise addition to a con-
centration of 1x 10° cells/mL and incubated at — 20 °C for at
least 1 h. Next, 2.5 % 10° cells were permeabilized for 10 min
at RT in 1 X blocking and washing solution (Roti®Block,
Carl, Roth) with 0.125% Triton X-100. For DNA denatura-
tion, cells were re-suspended in 2 N HCI (Carl Roth) for
10 min at RT followed by a 10 min incubation with 5 ug/mL
proteinase K (Sigma) at 37 °C. Cells were incubated with
1 ug/mL mouse anti-CPD antibody (clone KTMS53, Kamiya
Biomedical Company) overnight at 4 °C. On the next day,
cells were incubated with 15 pug/mL goat anti-mouse FITC-
conjugated antibody (Dianova) for 1 h at 37 °C and after-
wards incubated for 5 min at RT with 10 ug/mL propidium
iodide and 0.01% RNase (both from Sigma) prior to meas-
urement with Guava easyCyte 8HT Flow cytometer (Merck).

2.5 MTT assay

To measure cellular metabolism using the MTT assay [30],
1 x 10* HaCaT cells were seeded per well in 4-well plates
(2 cm? growth area; SPL Life Sciences). Cells were irradi-
ated (in PBS) as indicated in the results section and cul-
tured for the indicated times in regular growth media. Cor-
responding controls were kept in PBS for the same time as
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the irradiated samples. At the time of analysis, the medium
was removed and the cells were washed carefully in pre-
warmed PBS. Then 1 mL fresh complete culture medium,
including MTT at a final concentration of 0.5 mg/mL, was
added and the cells were incubated for 2 h at 37 °C. Then
250 uL DMSO were added per well and the formazan was
dissolved by shaking on an orbital shaker for 10 min at
RT, protected from light. Reduced MTT was measured by
absorbance at 590 nm with a reference at 620 nm using
a Tecan Infinity M200 plate reader in duplicates per well
(technical replicates), and quadruplicates (biological rep-
licates) per condition, resulting in eight measurements per
sample. The measurements were normalised to the cor-
responding control cells.

2.6 Cell cycle analysis

Cell cycle distribution in HaCaT cells following a single
exposure as indicated in the results section to individual
and combined spectral band irradiation was measured by
flow cytometry. For these experiments, we choose a single
set of doses (0.36 kJ/m? UVB, 27.5 kJ/m? UVA, 129 kJ/
m? VIS and 150 kJ/m? nIR), to avoid extensive cell killing
(compare Figs. SA-D). We also omitted VIS exposure on
the cell cycle regulation since we did not observe signifi-
cant effects of VIS in the MTT assay. Cells were seeded
in 60 mm dishes and grown to 20% confluency. Then,
the cells were irradiated in PBS, fresh culture medium
was added and incubated for the indicated times using
standard conditions. Thereafter, the cells were harvested
by trypsinization and fixed by adding the cell suspension
drop-wise into 4.5 mL of ice-cold 70% ethanol. Cells
were fixed for at least 2 h at 4 °C. For quantitative DNA
staining, the fixed cells were centrifuged (200g, 5 min)
and re-suspension in propidium iodide staining solution
(0.1% Triton X-100, 0.2 mg/mL RNase A 20 pg/mL pro-
pidium iodide in PBS). Cells were incubated at RT for
30 min, followed by overnight incubation at 4 °C, before
the cells were analysed for their DNA content using a S3
cell sorter (Biorad) with 488 nm excitation and 615/25 nm
emission filters. Cell cycle distributions were quantified
using FlowJo (version 10) after doublet discrimination
and gating (the gating strategy is depicted in Figure S4)
using the Dean—Jett—Fox algorithm. A minimum of four
biological replicates were measured per irradiation condi-
tion and time point (minimum of 10,000 cells per sample).
Statistical testing was performed using one-way ANOVA
test. Individual measurements for each irradiation con-
dition and time point were compared for each fitted cell
cycle phase to the control measurements separately. Post
analysis using Dunnett’s post test with a significance level
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of 0.05 was used. Significance levels are indicated using *
as described in the figure legend.

2.7 Colony formation assay

Five hundred HaCaT cells were seeded in a 60 mm Petri
dish (24 cells/cm?) and cultured overnight at 37 °C. For irra-
diation, the medium was exchanged to PBS and the cells
were irradiated with the indicated spectral bands and doses.
Thereafter, the PBS was replaced with culture medium and
the cells were incubated for 9 days at 37 °C under standard
conditions. Then cells were fixed with 5 mL ice-cold metha-
nol (100%) for 5 min, washed twice with PBS and stained
with 5 mL 0.2% methylene blue in methanol (50%) for
10 min at RT. After three washings with ddH,O, the colonies
in all individual dishes were counted. Examples of stained
colonies are shown in Figure S5. As controlled microscopi-
cally, a colony of cells was defined as a cluster of at least
50 normal-sized cells, thereby excluding significant contri-
bution of giant or large multi-nucleated cells. Quantitative
analysis of colonies was performed after recoding images of
the plates (Amersham AI600 imager) using imageJ. In brief,
the images were cropped to the individual dishes, “Auto-
threshold (Max Entropy)” was applied and a mask was gen-
erated. The mask was processed with a watershed algorithm
to separate touching colonies. Then the “Analyze Particles”
function was used with the following settings: size: 10-500
pixels, circularity: 0.1-1.0. The results of the automated
counted were inspected manually and false detection was
corrected. At least four biological replicates were analysed
per irradiation condition. The dose—response curves were
generated using a linear regression model. Significance of
slopes to be non-zero was calculated using F-statistics. Col-
ony sizes were compared using one-way ANOVA test with
Bonferroni post test. Colony sizes from one measurement
were compared to the matching control. A significance level
of 0.05 was used.

3 Results

3.1 Design and construction of a solar spectrum
irradiator based on four separate lamps

For the combinatorial irradiation device, the following lamps
were chosen: Philips PL-S 9W/12 2P UVB broadband tubes
for the UVB range, Philips Cleo high-pressure lamp for the
UVA spectral band, and Osram Xenon high-pressure short
arc lamp XBO R 300 W/60C OFR for the visible spectrum.
For the nIR range, a GE Healthcare 750 W Halogen lamp
HPL 750 W LL 240 V was integrated (Fig. 1A). All lamps
were equipped with additional reflectors to maximise light
output.
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Fig.1 A Schematic set-up of the irradiation device depicting the
placement of the four lamps as well as the beam combiners and
(optional) filters for the individual lamps. B Raw spectrum of the four
individual lamps in relation to the ASTM G173 reference spectrum
without additional optical or density filters, except for the IR spec-
trum, which is already filtered by the 2 cm water cuvette and the
Solaris IR S306 filter. Y-axis in log scale. C and D Further filtering

wavelength [nm]

wavelength [nm]

20

[%] uoissiwsuesy a1

with long- and short-pass filters of the UVB and UVA lamps ensure
the minimal spectral cross-contamination from one lamp to the other
spectral bands. Additionally, the UVB tubes were filtered to ensure
there is no detectable light below 280 nm, due to the high biologi-
cal activity and unphysiological occurrence of these wavelengths. The
shaded areas indicate the targeted spectral ranges for the indicated

lamp
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The emitted light from the four lamps was combined by
three beam combiners (dichroic mirrors). First, a custom-
made 315 nm (45°) beam combiner (S1 Optics, Germany)
added the emission of the UVB lamps to the total spectrum.
Second, a custom-designed 400 nm (45°) beam combiner
(S1 Optics, Germany) was installed to add the UVA range.
Third, a 750 nm (45°) cold mirror (Knight Optical) was used
for the addition of the visible spectrum. The beam combin-
ers dictated the positioning of the lamps. Since only short
wavelength light can be reflected and long wavelength light
passes through the dichroic mirrors, the UVB source had to
be positioned closest to the sample area, whilst the infrared
emitting lamp needed to be positioned with the greatest dis-
tance. The HPL 750 W LL lamp, used for the infrared part of
the combined spectrum, was filtered by a 2 cm cooled water
cuvette and a 750 nm long-pass filter (Solaris IR S306, PSC,
Denmark). After the first assembly, we measured the spectral
irradiance of the individual lamps as well as the combined
irradiation (Fig. 1B) using a Spectro320-166 (Instrument
Systems, Germany) spectrometer calibrated against a BN
9101 reference lamp (Gigahertz-Optik, Germany) in the
range of 250-2800 nm. Based on these results, further modi-
fications were implemented: the UVA lamp was filtered by a
long-pass Schott WG 320 filter to prevent cross-contamina-
tion of the UVB spectrum with small amounts of UVB emit-
ted from the UVA lamp. The UVB lamp was filtered with an
Asahi Spectra UV325 short-pass filter (ZUS0325, Mountain
Photonics, Germany). This filter blocked the emission of
UVA from the UVB lamps. Additionally, a UVB long-pass
filter (Schott B270, Reichmann Feinoptik, Germany) was
used to filter out any UVC radiation. With this set-up, the
spectral emissions of the UVA and UVB lamps were largely
restricted to the targeted spectral bands (Fig. 1C and D, as
well as Table 1). One exception was the emission of visible

light by both the UVA and UVB lamp. When compared to
the normal environmental irradiance, however, the absolute
values of visible light in this setting were still low (24% of
ASTM G173).

Further adjustments refer to incorporating metal mesh
filters with defined open apertures in front of the UVA and
UVB lamps to achieve the desired ratio of UVA to UVB
as well as irradiance similar to the ASTM G173 reference
spectrum [31]. With these modifications, the resulting irradi-
ance for the UVB and UVA spectral range was measured to
be 0.64 +0.05 W/m? (UVB) and 41.6 +0.86 W/m? (UVA),
respectively, corresponding to 94% and 91% of the ASTM
G173 reference spectrum and a UVA to UVB ratio of 1:64
(close to the calculated ratio of 1:66 in the ASTM G173 ref-
erence spectrum). As mentioned above, the visible spectral
range (400-750 nm) is under-represented and only reaches
approximately 24% of integrated irradiance of the ASTM
G173 reference spectrum (see above), whilst the near-infra-
red range had an irradiance of approximately 62% of the
reference spectrum. All details are listed in Table 2.

To prevent nIR-related overheating, we integrated an
actively cooled water filter, which efficiently reduces the
thermal effects of IR irradiation. An external laboratory
chiller pumps precooled water (11 °C) through the 2 cm
infrared filter cuvette. The same chiller was used to cool
Peltier elements, which in turn control the temperature of
the irradiation chamber base plate (copper).

3.2 Physical validation of the irradiation devices

After final assembly of four identical irradiation devices,
we performed several irradiation tests for the reproducibil-
ity and stability of the lamps. First, we analysed the homo-
geneity of the irradiated area (17 cm X 17 cm) by placing

Table 1 Spectral cross-

COF . UVB band UVA band Vis band (401-750 nm) IR band (751-1400 nm)
contamination after additional (280-315nm)  (316-400 nm)
filtering of the UVA and UVB
lamps UVB lamp 1000 68+6.27 132.93+13.07 22.87+7.41
UVA lamp 0.01+0.01 1000 68.04+6.92 11.53+2.9
VIS lamp 0+0 1.34+0.38 100+0 9.04+1.13
IR lamp 0+0 0+0 0.29+0.19 1000

The measured irradiance of each spectral band in four identically built devices was averaged and normal-
ised to the irradiance in the targeted spectral band (100%, indicated in the column headers). Errors indicate
the standard deviation. The numbers represent the percentage irradiance emitted in each band normalised
to the irradiance in the targeted spectral band

Table 2 Irradiance in four
spectral bands (percentage

UVB (280-315nm) UVA (316-400 nm) Vis (401-750 nm)

IR (751-1400 nm)

of ASTM G173 reference in Irradiance [W m~2]

0.64+0.05 (94%)

41.6+0.86 (91%)  119+12.4(24%) 218+ 12.2(62%)

brackets)

Values present the average of four identically built devices and errors represent the standard deviation

(compare to Figure S1C)
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the measurement head of a calibrated portable spectrom-
eter (Jeti specbos 1211UV, JETI Technische Instrumente,
Germany) at 16 sites regularly spaced across the irradiation
sample area (4 cm distance each in x and y directions) and
measured the individual and total spectral emission (in the
range of 250-1200 nm) of the irradiation devices. The irradi-
ance variations between the different locations were found
to be < 10%, except for three positions at the border, which
showed variations of 11 and 12%, respectively (Figure S1A).
These measurements were taken at the extreme edges of the
sample area, locations that are rarely used in the experiments
described in this study. Next, we assessed the temporal sta-
bility of the four irradiation devices by measuring the same
position (central on the sample area) repeatedly (6 X over
a time period of 1 h). The variations in the total integrated
irradiance (270-1000 nm) were found to be < 10% in all
four built devices, demonstrating stable irradiation condi-
tions (Fig. S1B).

The average spectra of all four lamps were measured in
the range from 250 to 1000 nm (Jeti specbos) at the same
16 positions in the sample area. Figure S1C shows the com-
parison of the four irradiation devices, indicating the repro-
ducibility of the set-up and the spectral similarities. The
largest variations were found in the visible spectral range
(400-750 nm) with a coefficient of variation of 0.236 in con-
trast to the lower values found for the other spectral ranges:
0.065 (UVB), 0.057 (UVA) and 0.039 (nIR) respectively
(see also Figure S1A). For a more biological relevant com-
parison, we performed a weighting of the raw spectral data
with the CIE erythema action spectrum [32] (Fig. S1D). The
integrated CIE-weighted UVB irradiance of the developed
device was measured to be 0.177 W/m? and therefore higher
than the ASTM G173 (0.051 W/m?) due to the cut-off of
the ASTM G173 at 290 nm. This cut-off varies in natural
conditions and is higher in the ASTM G173 spectrum [33].
In contrast, the integrated CIE-weighted irradiance in the
UVA range was identical (0.039 versus 0.034 W/m?), for the
AMST G173 spectrum and our device, respectively.

3.3 Comparability and consistency of four versions
of the irradiation devices: biological validation
of the radiation efficacy

In a ring trial, the CPD induction by the four build devices
was measured after immuno-staining in a flow cytometer.
The dose-dependent formation of CPDs is shown in Fig. 2
for each device individually with the indicated lamps acti-
vated and demonstrates that there were no significant dif-
ferences between the four dose—response curves (one-way
ANOVA with Bonferroni’s post hoc test). In addition, we
measured the CPD generation after exposure to UVA. We
detected UVA-induced CPDs after identical exposure times
required for 288 J/m* UVB corresponding to 22 kJ/m* UVA.
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Fig.2 Induction of CPDs by the four identically built irradiation
devices. Shown are the relative intensity levels per cell detected by
flow cytometry, after UVB exposure with the indicated doses and
immune-fluorescence detection of CPDs. Plotted are the mean values
of at least three biological replicates after subtraction of the fluores-
cence intensities of the control cells together with the standard error
of the mean. Dose-response curves were linearly fitted. On the right,
the levels of CPDs after UVA exposure are plotted

This exposure resulted in significantly higher CPD levels
compared to controls, but approximately tenfold lower lev-
els compared to 288 J/m?> UVB. Considering the different
radiant exposure values (doses), the CPD induction rate
was ~ 750-fold lower for the UVA exposure compared to the
UVB exposure, and close to values reported earlier [34, 35].

3.4 Cellular metabolic activity as measured by MTT

HaCaT cells were exposed to single spectral bands as well
as combinations thereof. The 0.36 kJ/m? UVB exposure
corresponds according to [32] to an exposure of 4.6 min
in mid-summer or approximately 53 min in winter (using
Lauder, New Zealand as a reference measurement station
(45°S, 170°E, altitude 370 m)). For the UVA range, the cor-
responding exposure times would represent 6.6 min in sum-
mer and 22 min in winter.

UVB exposure resulted in a significant dose- and time-
dependent decrease in metabolic activity (based on the linear
regression of the dose vs. the half-life time constant), detect-
able 24 h post irradiation (Figs. 3A and S3A). This decrease
was on-going up to 72 h. The decrease in metabolic activity
following all exposures was directly dependent on the dose
and could therefore be fitted with a linear regression (Fig-
ure S3). For UVA exposure, we found a time-dependent,
non-significant decrease in metabolic activity. This was only
observed at doses above 82.5 kJ/m2. Visible and nIR expo-
sure did not result in a significant reduction of metabolic
activity (Figs. 3C, D and S3C, D).

When UVB and nlIR irradiation was applied simultane-
ously, the significant reduction in metabolic activity was
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Fig.3 Maetabolic cellular activity was assessed using the MTT assay
directly after irradiation (day O) and 24 h, 48 h, and 72 h post irra-
diation for individual spectral bands UVB (A), UVA (B), VIS (C)
and nIR (D). Additionally combinations of spectral bands were ana-
lysed: UVB+nIR (E), UVA+nIR (F), UVB+UVA (G) as well as the
complete spectrum (H). Each condition/dose was at least measured
in three biological replicates with two technical replicates each and
normalised to the corresponding sham-irradiated control. The plotted
values represent the means of the replicates together with the stand-

similar to the reduction observed for cells exposed to UVB
only (Fig. 3E and S3E). Simultaneous exposure to UVA and
nlR did not show a significant effect at lower doses (27.5 kJ/
m? UVA + 150 kJ/m? nIR and 55+ 300 kJ/m? nIR) and led
to a non-significant reduction in metabolic activity at higher
doses, mainly at day 2 and 3 (Figs. 3F and S3F). In contrast,
when UVA and UVB were applied simultaneously, meta-
bolic activity decreased significantly stronger (smaller half-
life time) than for individually applied UVA or UVB (up to
1.5-fold). The dose-dependent decrease in metabolic activity
occurred directly after irradiation and the trend was persis-
tent, although not significant, at day 1 and 2 after exposure to
simultaneous UVA and UVB radiation (Figs. 3H and S3H).

Irradiation with the full spectrum caused the same toxic
profile as the combination of UVA and UVB, demonstrating
that VIS and nlIR did not modulate the cells’ metabolic activ-
ity when combined with UVA and UVB. The main differ-
ence between UVA +UVB exposure compared to the com-
plete spectrum is the metabolic activity seen at the first and
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ard error of mean. Doses are represented in different grey levels and
the resulting data points were fitted using a one-phase decay function.
Statistical significance of the different decay curves was estimated
based on the half-life fitting parameter and its corresponding 95%
confidence interval (CI). In cases where the CI did not overlap (pair-
wise analysis), the one-phase decay curves were assigned significant
difference (*) based on a p value of 0.05. The dose-dependent curves
for each day are shown in Figure S3

second time point. There, the complete spectrum reduced the
metabolic activity even stronger (not significant) than in the
UVA + UVB exposed cells, although VIS and nIR alone do
not show any negative effect on cell metabolism (Fig. 3H).

3.5 Cell cycle modulation of combined spectral
bands

Next, we asked whether the different irradiation regimes
would affect the cell cycle of the surviving cells. UVB expo-
sure led to the most pronounced biological response. As an
early effect 2 h post irradiation—UVB induced a significant
G, arrest followed by a significant S-phase increase 12-16 h
after exposure (Fig. 4A) as also reported in [36]. After that,
a significant increased G,/M fraction was detected (18 h).
Then the cell cycle distribution started to return back to nor-
mal levels. UVA exposure with 27.5 kJ/m?* showed less-pro-
nounced cell cycle alterations with as significant increase in
S-phase cells directly after exposure up to 2 h post exposure
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Fig.4 Cell cycle distribution of HaCaT cells after exposure to indi-
vidual spectral components (A—C) and combinations thereof (D-G).
Cells were harvested at the indicated times and analysed using flow
cytometry. The cell cycle distributions were calculated based on the
quantification of the DNA content after propidium iodide staining and
then fitted, using the Dean—Jett—Fox algorithm (FlowJo). An example
workflow, including the gating steps is shown in Figure S4. The bars

(Fig. 4B). A significant increase in S-phase cells was found
12 h and a significant reduction of S-phase cells at 72 h post
exposure. After nIR irradiation, we only observed a signifi-
cant increase of S-phase cells directly after exposure. All
other tested time points did not show significant changes in
the cell cycle distribution (Fig. 4C).

When UVB was simultaneously applied with nIR, the
significant S-phase arrest at 12 h post irradiation was
found similar to the arrest seen with UVB alone (Fig. 4A
and D). Interestingly, the initial G, arrest (2-4 h post
irradiation) was not detectable in the co-exposed cells
(UVB +nlIR) and the subsequent release was faster in
UVB +nlIR exposed cells compared to UVB exposed

represent the average percentage of cells assigned to the correspond-
ing cell cycle phases and are based on at least 4 biological replicates
per dose and condition. The error bars represent the standard error of
the mean. The cell cycle distribution of control cells is shown at the
left of each subplot and the G, S and G, fractions are shown as dot-
ted lines. Significance was tested against the control for G, S and G,
populations individually. *p <0.05; **p <0.01; ***p <0.001

cells alone. UVB and UVA co-exposed cells showed the
most pronounced cell cycle alterations with an extended
significant S-phase arrest already 8 h post irradiation and
lasting until 12 h. This exposure condition also induced
the early G, arrest (directly after exposure). The late G,
arrest (72 h) was commonly found (Fig. 4B, E and F) in
UVA, UVA +nlR and UVA + UVB exposed cells. When
UVA was combined with nIR, we found a smaller, but sig-
nificant S-phase arrest 18—24 h post irradiation. This arrest
was stronger when compared to the individual irradiations
or the additive effect thereof (Fig. 4B and E). Most nota-
bly, when the full spectrum (UVB + UVA + VIS +nIR)
was applied, the cell cycle distribution resembles that of
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UVB only, with the S-phase arrest at 12 h post exposure
as the predominant effect (Fig. 4G) and no significant late
G, arrest.

Taken together, we can conclude that the cell cycle is
significantly affected by UVB exposure (0.36 kJ/m?). Co-
exposure with UVA (27.5 kJ/m?) or nIR (150 kJ/m?) exerts
some modulation; however, as part of the entire solar spec-
trum, these effects do not seem to become effective.

3.6 Clonogenic survival of UVB exposure
is modulated by co-exposure with both UVA
and nIR

Finally, we asked whether and how the above-identified
early effects would impact on the long-term growth
capacity of the HaCaT cells. To address this, we per-
formed clonogenic survival (or colony forming) assays.
First, we produced dose-dependent survival curves for the
individual spectral bands (UVA, UVB and nIR). Whilst
UVB exposure (120-720 J/m?) resulted in a significant
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Fig.5 Clonogenic survival obtained from irradiated HaCaT cells.
Depicted are the colony formation results for individual spectral
bands (A-D) as well as for irradiation with combined spectral bands
(E-I). The impact of each irradiation treatment was measured at least
in three biological replicates and normalised to the corresponding
sham-irradiated control. The plotted values represent the means of
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the replicates, together with the standard error of mean. The doses for
each individual or combined exposure are given at the x-axis. Linear
curves were fitted (grey lines). Examples of the colonies are shown in
Figure S3. Statistical testing whether the fitted linear slopes are sig-
nificantly different from zero revealed significance for A, E, G, H and
I
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linear dose-dependent reduction in colony number with
—10.66 + 1.48% per 100 J/m?, UVA (9.2-55 kJ/m?), VIS
(0-258 kJ/m?) and nIR exposure (0—300 kJ/m?) did not
cause significant linear relationship between dose and
reduction in colony formation (— 18.73 +7.4% per 100 kJ/
m?, — 2.75+2.14% per 100 kJ/m? and — 1.7 + 1.8% per
100 kJ/m? respectively) (Fig. 5 A-D). When UVB was
combined with nIR, the cytotoxic effect was signifi-
cantly increased as compared to UVB irradiation alone
(Fig. 5E vs. 5A and S5). The dose-dependent reduction
in colony formation increased from — 10.66 +1.48% to
— 13.22+1.65% per 100 J/m?. This additive cytotoxic
effect was not seen upon simultaneous irradiation of UVA
and nIR (Fig. 5B vs. F), where the dose—effect curves
had similar slopes (— 18.73 and — 18.53% per 100 kJ/
m?). Interestingly, when UVA was simultaneously applied
with UVB, the cytotoxic effect of UVB was mildly, but
significantly reduced (Fig. 5SA vs. B vs. G) from — 10.66
to — 7.35% per 100 J/m?. When we combined three or all
four spectral bands, we found a cytotoxic effect similar
to that of UVB alone (Fig. 5A vs. H).

3.7 Proliferative expansion (colony size)
is influenced by UVB

As an additional parameter for the radiation effect on
long-term cell survival, we analysed the resulting colony
sizes in the clonogenic survival assay. Whilst nIR expo-
sure did not modulate growth of the HaCaT cells, UVA
decreased the colony size significant for doses of 27.5
and 36.7 kJ/m2. UVB caused a significant increase in
colony size with low-dose radiation 0.12 kJ/m? (Fig. 6)
and a dose-dependent decrease at higher doses (0.48 and
0.72 kJ/m?).

When UVA and UVB irradiation was combined, a sig-
nificant decrease in colony size was seen for all doses.
Accordingly, most prominent changes in colony size dis-
tribution were only seen upon radiation with combinations
including UVB. With UVA + B as well as UVB +nlR, the
primary increase in colony size was lost, compared to
UVB exposure alone and the overall decrease in colony
size was attenuated, demonstrating a modulatory effect
upon combination. As part of the entire spectrum, how-
ever, the UVB effect was dominant with an increase at
the lowest dose and decline of the colony size thereaf-
ter, although these observations are not significant due to
the large size variations of the individual measurements.
Again, this demonstrates that in combination, the individ-
ual wavelengths act differently, i.e. do not exert a defined
action spectrum but rather the combination of wavelengths
determines their individual contribution in modulating cel-
lular events.

4 Discussion

Solar radiation and in particular solar UV radiation is of
outmost importance, not least, because of its contribu-
tion to skin ageing and skin cancer. Accordingly, there is a
longstanding interest in the role of UVB and UVA [1, 37].
More recently, also IR and VIS gained interest and were
investigated more extensively concerning their contribution
to cellular damage [24, 38—41]. However, the effect of the
solar spectrum (ss) with all its wavelength combinations, is
not well understood and is likely far more complex than the
combined (additive) action of all individual wavelengths.
Consequently, questions have arisen about the combined
exposure to UVR (UVB and UVA) IR, and VIS and their
intracellular action spectrum, i.e. whether additive/syner-
gistic or even modulatory/antagonistic interactions occur.

Concerning the biological action spectrum, it was shown
that all four wavelengths (UVB, UVA, VIS, and IR) induce
ROS in skin cells (Zastrow et al. [18] and references therein)
and besides inducing different rates of ROS, the different
wavelengths may do so through non-overlapping mecha-
nisms. To become effective however, the ROS level has
to exceed the physiological range in a certain time period.
Therefore, it is further suggested that all spectral bands may
act in an additive/synergistic way when being applied to skin
cells simultaneously, i.e. through the solar spectrum. How-
ever, a clear interactive role is still elusive.

All this demonstrates that the comparison of single
and combined radiation qualities (different wavelength
combinations) is essential and requires further investiga-
tion. The studies, however, also indicate that the technical
requirements for respective studies are still insufficient.
Frequently, irradiation devices only allow for a restricted
set of simultaneous combinations [42-44], or combinato-
rial irradiation is performed sequentially [45, 46].

We, therefore, conceived and constructed a radiation
device that enables irradiation across the entire UVB, UVA,
VIS, and nIR range and can also generate the individual
wavelength bands as well as any combination therefrom.
Importantly, whilst combinations have frequently been
applied sequentially [47, 48], our radiation device is con-
structed for simultaneous irradiation of all possible com-
binations. Furthermore, this device has proven to be stable
for the irradiation of conventional cultures as well as 3D
organotypic cultures for both acute and chronic exposure.
As an example, 3D skin equivalents were irradiated 3 times
a week for as long as 10 weeks without changes in the radia-
tion quality (Boukamp, Pavez Lorie personal communica-
tion and [49]), thus making the presented irradiation device
unique and demonstrating its broad scope of application.

We here utilised this device to demonstrate biological
effects following acute irradiation of HaCaT cells with
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Fig.6 Colony sizes in the clonogenic survival assay after irradia-
tion with individual and combinations of spectral bands. A—C Indi-
vidual spectral band exposures by UVB, UVA and nIR respectively.
D-F Combinations of two spectral bands as indicated. G Full spec-
trum irradiation. Displayed are the size distributions of the colonies
obtained after exposure (grey boxes) together with the sham-irradi-
ated controls (white boxes). The first control represents the unirradi-
ated control that was kept in PBS for the same duration as the sec-
ond irradiation dose (approximately 5 min) and was used as reference

all four individual spectral bands as well as all possi-
ble combinations thereof, including the solar UV spec-
trum (simultaneous UVB and UVA irradiation) as well
as the entire spectrum (simultaneous irradiation with
UVB + UVA + VIS +nlR). With this, we aimed to address
the question of whether and how the different wavelengths
would influence each other, respectively whether synergis-
tic/additive or modulatory effects are seen with respect to
different biological endpoints.
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control for the first two exposures. Longer exposures were normalised
to the time-matched sham-irradiated control. Each bar is the result
of the pooled colonies obtained from at least 3 biological replicates.
Boxes represent the 25th to 75th percentile and whiskers extend to
the minimum and maximum. The solid line represents the median.
Significance was tested for each group vs its corresponding control
using one-way ANOVA test with Bonferroni post test using a signifi-
cance level of 0.05. *p <0.05; **p <0.01; ***p <0.001

As proof-of-principle, we investigated three basic biologi-
cal principles, namely sensitivity towards radiation (toxicity
measured by MTT test) and cell cycle regulation, as well as
long-term growth (colony formation) upon radiation with
the different wavelengths and combinations.

So far, more complex comparative studies are rare. One
corresponding work was recently performed utilising the
Newport solar simulator and IR/VIS blocking filters to allow
for irradiation with the entire solar spectrum versus the



Photochemical & Photobiological Sciences (2022) 21:1701-1717

1713

solar UV spectrum [24]. In this publication, Birch-Machin
and coworkers investigated primary human keratinocytes
and fibroblasts exposed to individual and combined irra-
diation of the IR, VIS, and UV. ROS induction as well as
mitochondrial and nuclear damage were studied [24]. They
found a greater induction of these three endpoints with the
solar spectrum radiation as compared to solar UV radiation
alone (sUV). Interestingly, they even found a clear difference
between epidermal keratinocytes and dermal fibroblasts,
thereby demonstrating differences in response to differ-
ent wavelengths combinations as well as differences in the
response pattern of the two skin cell types, with fibroblasts
being more affected than keratinocytes.

Concerning our studies, measuring sensitivity to radia-
tion by means of cellular metabolic activity (MTT test) was
already informative. Whilst UVB showed significant dose-
dependent toxicity, UVA exhibited an only minor toxic effect
at higher doses. VIS and nIR did not confer toxicity. These
findings are in line with previous reports showing that VIS
(36 J/cm?) is non-toxic for HaCaT cells. Cytotoxic effects
of VIS exposure are dependent on the presence of mela-
nin, which is not found in HaCaT cells [40, 50], but other
sensitizers might be involved as well, such as f-carotene,
porphyrins or flavins [51]. With respect to the isolated nIR
exposure, we did not find enhanced cell survival/metabolic
activity as reported for high irradiance laser exposure of
L929 mouse fibroblasts [52]. This might be due to the dif-
ferent cell type used (fibroblasts versus epithelial cells), the
power levels, and/or a specific wavelength effect. Accord-
ingly, nIR-addition did not alter the toxicity profile when
combined with UVB or UVA. However, simultaneous
radiation with UVB and UVA either as sUV radiation or
in combination with VIS and IR radiation, showed syner-
gism, leading to clearly increased toxicity. Observed impair-
ment of metabolic competence in irradiated cells may have
resulted from oxidative stress, which is a self-propagating
process. Therefore, initial oxidative damage, resulting from
radiation-excited state of the cellular components or by pho-
tosensitization, creates additional free radicals that damage
mitochondria and consequently leads to further ROS pro-
duction [53]. It was demonstrated for excised human skin
that not only UVA and UVB radiations were responsible
for the radical production during sun exposure, but also that
up to 50% of the radicals were produced by the VIS/nIR
radiation. Therefore, the synergetic effect of the entire spec-
trum may result from activation of several ROS promoting
pathways, with different chromophores and cell components
being involved in free radical production elicited by solar
spectrum wavelengths that finally enhance and promote each
other (Fig. 3H).

Regarding cell cycle regulation, in vitro studies have
shown that UVB irradiation is capable of inducing a cell
cycle arrest in G, phase, thereby delaying S-phase [54, 55].

We find an early UVB-dependent G, arrest (after 2—4 h)
whilst this is missing upon UVA radiation. It was recently
suggested that “a less-effective cell cycle arrest with UVA
may render UVA-induced pyrimidine dimers more muta-
genic than UVB-induced ones” [56]. As part of the solar
spectrum, the role of UVA in cell cycle regulation may,
however, be less clear. Our data suggest that within the
entire solar spectrum, UVB is the foremost in cell cycle
regulation whilst UVA does not seem to contribute exces-
sively. In agreement with reports by others [56], we found
UVA-related cell cycle effects at significantly higher doses,
i.e. starting from 100 kJ/m? (data not shown). This in turn
indicates that in combination, the action profile of the indi-
vidual wavelength is subject to modification and that for a
realistic (human) risk assessment, the entire solar spectrum
will prove to be the gold standard.

It needs to be appreciated that the G, arrest is predomi-
nated by p53 and may not be as extensive in HaCaT cells
that carry p53 mutations in both alleles of the p53 gene
[57]. However, this detailed study demonstrates that UVB
and to some extent also the entire solar spectrum is able to
induce an early G, arrest also in the HaCaT cells, supporting
a role for a p53-independent mechanism in inducing a G;-
to S-phase delay in p53-deficient keratinocytes [58]. These
findings are in agreement with earlier reported cell cycle
perturbation following UVB, considering the p53 status of
the HaCaT cells [56, 59-61]. Of note, the UVB-dependent
arrest seems to be suppressed when combined with UVA
or nIR exposure but not when being part of the entire solar
spectrum, demonstrating the importance of differential inter-
active regulations.

Twelve hours after UVB radiation, the cells experience
a strong S-phase boost. Accumulation of S-phase cells was
also described earlier, and in vivo studies support evidence
for a mitogenic response of UVB irradiation [62]. In hairless
mice (hr/hr), an increase in S-phase was observed as early
as 12 h after treatment with a sub-erythema dose of 12.5 mJ
per cm? or an erythema dose of 25 mJ per cm? [63, 64]. In
line with this interpretation, UVB alone as well as all com-
binations containing low-dose UVB (0.36 kJ/m?) favoured
the development of large colonies indicative of an enhanced
proliferation rate as also reported in [65].

Whilst nIR did not exhibit any obvious cell cycle regula-
tion, UVA provoked a late (72 h) G, arrest. Whereas domi-
nant also in different combinations, this UVA-dependent
G, arrest was no longer effective when UVA was part of
the entire solar spectrum demonstrating the more complex
modulation when all wavelengths were combined.

To investigate for more long-term effects, we additionally
assayed for colony formation following the different radia-
tion regimes. Again, the dominant dose-dependent toxic-
ity of UVB was reflected in the cells’ ability to generate
colonies. Our results for UVA and UVB reduced colony
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formation is in line with previously reported values, e.g.
[66]. The UVB-related cytotoxicity also dominated any
combination with other spectral components. Interestingly,
the combination of UVB and nlIR caused an even stronger
dose-dependent decrease in the number of colonies, whilst
in combination with UVA, the effect was reduced. Since the
molecular mechanism underlying these phenotypes are still
elusive, these findings once more demonstrate that, although
on their own not affecting the investigated growth param-
eters, in combination they can be of the modulatory effects
for the cells. It is well known that the different wavelengths
are absorbed by different chromophores; therefore, the final
action spectrum is not a simple addition of the individual
action spectra but an interplay of all four action spectra.

Whilst the MTT test is a measure for toxicity, i.e. imme-
diate cell death, the clonogenic or colony formation assay
adds in determining the ability of single cells to expand into
colonies, thereby test the cell’s regenerative capacity and
with that the ability to maintain or even improve their pro-
liferative potential. Accordingly, many studies performed
with this assay have established extensive information on the
sensitivity to, e.g. radiation or chemotherapeutics but also
about recovering from such insults (number and size of the
colonies). We now add, using this new radiation source, that
UVB alone and in all combinations (UVA, nIR and VIS) is
the most toxic wavelength (MTT test, colony number). It is,
however, noteworthy that the colony size seems to increase
upon low-dose UVB radiation either alone or as part of the
entire solar spectrum. With higher doses and in a dose-
dependent manner, a decline in colony size is induced. This
fact points to a differential response and importantly applies
for the entire solar spectrum, and may be of relevance for the
radiation response in humans. Therefore, this low-dose UV
effect will be further investigated.

In conclusion, we here present a radiation device that
besides the combined UVB, UVA, VIS and nIR (with an
integrated irradiance distribution close to natural sunlight)
allows for the irradiation with the individual spectra as well
as any combination thereof. Thereby, it allows for the iden-
tification of additive synergistic or even modulatory effects
provided by the individual wavelengths as well as their com-
binations thereof including that of the full spectrum (UVB
to nIR) with the same device and thus with the same and
directly comparable spectral distribution within the solar
spectrum. Accordingly, we can show that cell death is pre-
dominantly determined by UVB, though augmented in com-
bination with UVA. Also, the cell cycle is most significantly
affected by UVB exposure. Co-exposure with UVA or nIR
exerts some modulation, which is lost when being part of
the entire solar spectrum. Clonogenic activity that is mostly
affected by UVB extend is suppressed by UVA and increased
by nIR co-exposure. In the entire spectrum, the UVA and
nlR effects are neutralised.
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