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Abstract 
 
The search for signs of life outside of our own 
planet bears difficult challenges. Mars, where most 
efforts to look for present or past signs of life are 
focused today, has harsh conditions for the preser-
vation of biomarkers due to a thin atmosphere and 
the absence of a global magnetic field. The surface 
is permanently irradiated by solar and galactic 
cosmic radiations, and parts of this radiation are 
heavy ions, of which the iron (Fe26+) ion is the most 
abundant. In this study, the impact of iron radia-
tion on the detectability of cyanobacterial carote-
noids as a model system for biomarkers was de-
termined by confocal Raman-microspectroscopy 
on colonies of Calothrix sp. Samples were irradiat-
ed with up to 3000 Gray (Gy) of Fe26+ radiation, 
and for each sample 75000 spectra have been col-
lected in five sequences of measurements (2x large 
area scan 1500 μm2, resolution 10 μm2/spectrum; 
3x image scan 150 μm2, resolution 1.5 
μm2/spectrum). Until 1500 Gy signal quality in-
creased up to 147% and signal coverage increased 
up to 48% compared to control, meaning that de-
tectability might be facilitated until a certain level 
of radiation. This is mainly due to an 80% decrease 
of the 580 nm fluorescence background with in-
creasing radiation until 1500 Gy, believed to be due 
to phycobilisome degradation. Even though rare 
and with low signal quality, carotenoids could be 
detected after 3000 Gy of ionizing radiation. Pos-
sible explanations and significance are discussed.  

Introduction 
 
In 2020, two rovers will depart to Mars: The “Mars 
2020” rover from NASA, and the “ExoMars” rover 
from ESA / Roscosmos. Both carry important sci-
entific instruments, and both the ExoMars and 
Mars 2020 rovers have the mission goal to exam-
ine the possibility of extant or extinct life on Mars 
(1, 2). They will be the first missions to focus on 
this aspect since the Viking-missions in the 1970’s 
(3), and might give us hints to the question: 
Are we alone in the universe? 
Efforts are made to answer this question with an 
array of different instruments, philosophies and 
methods, for example with earth- or space-based 
radio-telescopes (SETI - Search for Extra-
Terrestrial Intelligence), satellites (TESS - Transi-
tioning Exoplanet Survey Satellite), probes 
(NASA’s proposed “Europa” mission) and rovers 

(Viking, ExoMars, Mars 2020). Still, the challenges 
facing this research field are numerous: 
Starting with the basic but unresolved requirement 
of a clear definition for life, over the problem that 
life on Earth is the only known reference point, 
until the difficulty to distinguish between abiotical-
ly or biologically created organic molecules (since 
complex molecules can form without the presence 
of life (4)) – complications are ever present. 
The approach chosen for the ExoMars mission is 
the detection of life through biomarkers:  
Usually a term defined in biology as “A characteris-
tic that is objectively measured and evaluated as an 
indicator of normal biological processes, pathogen-
ic processes, or pharmacologic responses to a ther-
apeutic intervention” (5), has for space exploration 
purposes been adopted to mean the presence of 
complex organic molecules (or other compounds) 
which would be extremely unlikely to occur with-
out an underlying biological process. 
For this task, the ExoMars rover carries among 
others a Raman-spectrometer with a laser power of 
10-20 mW and a laser-wavelength of 532 nm (6). 
However, the recognition of biomarkers on other 
worlds is demanding. If organic molecules which 
could function as biomarkers exist somewhere on 
Mars, could they be intact enough to be detectable? 
The space environment itself is hostile to terrestrial 
life: Vacuum, temperature fluctuations between 
sun-exposed and sun-hidden surfaces, light, and 
cosmic radiation (CR, consisting of protons, alpha 
particles, and heavy nuclei (7)) set a limit to the 
integrity of unprotected organic matter. Mars, con-
trary to earth, does not have a thick atmosphere (8) 
and exhibits no global magnetic field, which means 
that its surface is virtually unprotected from the CR 
(9). It is thus very important for future Mars re-
search to have references about the impact of CR 
on organisms and biomarkers. This need is reflect-
ed in this study’s two principal goals: 

▪ To assess the impact of CR on biomarkers, 
by using radiation consisting of accelerated 
Iron (Fe26+) nuclei on biological samples 
(Calothrix sp.) and analyzing the effect on 
the Raman-signature of the carotenoids 
contained within Calothrix sp. (as model 
system for biomarkers). Previous research 
has shown exponential decay of carote-
noid’s Raman signal with an increase in 
ionizing radiation (10).  

▪ To contribute to the construction of a 
comprehensive collection of Raman-
spectra including matter of all kinds (or-
ganic, inorganic, irradiated, non-
irradiated, pure, and mixed) to build a ref-
erence database for the ExoMars-rover.  
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Cosmic Radiation 
The cosmic radiation (CR) which permeates our 
solar system is dominated by protons (87%), fol-
lowed by alpha particles (12%) and heavy ions (1%) 
(7). Heavy-ion radiation, even though only making 
up a small part of the CR spectrum, is distinct for 
its high velocities and high linear energy transfer 
values (LET, a measure of energy transfer to the 
surroundings along an impact path, fig.1) which 
lets it penetrate deep into tissues or soil and cause 
a fallout of secondary particles and secondary radi-
ation along its impact path (11, 12). Iron (Fe26+) 
ions are the most abundant heavy ions in both the 
GCR (Galactic cosmic radiation) and the SCR (So-
lar cosmic radiation) (13) and are thus important 
for the assessment of radiation damage. Contrary 
to electromagnetic radiation, which acts upon a 
diffuse area, Fe26+ ions cause very high but local-
ized damage. In organic matter, it’s often due to 
radiolysis of water, creating free radicals which 
disperse and cause radical chain reactions and 
damage principal cellular components. Common 
species include: eaq

-, •OH, •H, H2 and H2O2 (14). 
 

 
Figure 1: Damage distribution in matter 

(squares) following electromagnetic, low LET 

and high LET particle radiation. Radiation 

symbolized by arrows; damage in pink.  

Calothrix sp.  
Calothrix sp. belongs to the order of nostocales and 
is a cyanobacterium. Calothrix sp. can form colo-
nies as long thin strands of single cells, with the 
basal end usually attached to a solid by a hetero-
cyst which is responsible for nitrogen fixation. The 
cells of mature colonies are surrounded by a sheath 
made of extracellular polymeric substances (EPS) 
(15). Calothrix sp. was chosen for this study since 
cyanobacteria are ubiquitous on Earth, populating 
a wide range of environmental niches. Additional-
ly, it’s also one of the most ancient families of or-
ganisms still existing today (16). This is useful for 
the analogy to Mars, since it is thought that Mars 
had life-favorable conditions for a relatively short 
amount of time (around the Noachian period, for 
500-1000 Million years (17, 18)). On earth, cyano-
bacteria probably evolved during a similar 
timespan (16). Calothrix sp. had been chosen to be 

part of the STARLIFE irradiation campaign, partly 
because it produces protective secondary metabo-
lites with high absorbance in the UV-spectrum, a 
characteristic of cyanobacteria living in highly ir-
radiated environments (19).  

Carotenoids 
In this study, carotenoids are used as a model for 
biomarkers because of multiple reasons: 
First, they are an old and diverse group of com-
pounds with over 1100 known chemical forms, and 
are present throughout all kingdoms of life (20). 
They are produced by plants, bacteria, fungi and 
algae, but can also be found in higher animals since 
they are stored in the fatty tissues from alimenta-
tion (21). 
Secondly, they serve different biological purposes: 
They collect light in the 400-550 nm range, can 
protect chlorophyll from photodamage and have 
the ability to efficiently scavenge reactive oxygen 
species (ROS) and thus protect the cell from dam-
age (22). They have been used in numerous stud-
ies, and are interesting for Raman-spectroscopy 
since they resonate well with the 532 nm excitation 
laser and produce very characteristic peaks, even in 
low concentrations. This effect is due to the laser 
wavelength lying within the absorption range of 
the conjugated π-system of the polyene chain. This 
effect is dominant, even with changes to the end-
groups (23).  
Carotenoid structure: In vivo, carotenoids are 
usually created from two isoprene isomers: isopen-
tenyl diphosphate and dimethylallyl diphosphate. 
Each carotenoid molecule consists of 8 such mole-
cules, which link together and form a carotenoid 
with 40 carbon atoms. Their chromophore activity 
is due to the long conjugated double bonds of the 
polyene chain, and the end-groups are synthesized 
through cyclization (24). 
 

Figure 2: Example structures of different 

carotenoid compounds. Adapted from: 

Fiedor, J., 2014.(25) 
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Raman-Spectroscopy 
Raman spectroscopy is a non-invasive method for 
the analysis of organic and inorganic samples. It is 
especially useful for biological samples, since it is 
barely influenced by most buffers and does not 
create peaks for water, which means that extensive 
sample preparation is not necessary and samples 
can even be analyzed in the field (in situ). It works 
by measuring the inelastic scattering of mono-
chromatic light emitted by a laser. The energy 
shifts observed in the scattered photons is due to 
their interactions with chemical bonds. Like infra-
red (IR) spectroscopy, Raman-spectroscopy is a 
vibrational spectroscopy method, and its results 
complement IR-spectroscopy, since compounds 
with high Raman activity are usually weaker in IR-
spectra and vice versa (26). 
Photons from the laser excite the phonons (vibra-
tional modes) present within the sample (usually 
chemical bonds and crystal structures) and ele-
vates them to higher virtual modes (fig. 3). When 
the phonons return to lower energy levels they 
emit a photon, and if this photon has a higher (an-
ti-stokes) or lower (stokes) energy than the incom-
ing photon, it is inelastically scattered. In most 
Raman-instruments, only the stronger stokes 
bands are considered. 
 

 
Figure 3: Differences between elastic and 

inelastic light scattering, with IR absorption 

for comparison. Upwards arrows represent 

the energy of the incoming photon; down-

wards arrows represent the energy of the 

scattered photon. Lines represent vibrational 

and virtual excitation states. 
 
This gives information about which vibrational 
modes are present and thus about the composition 
of the sample. The measured peaks occur at certain 
Raman-shifts (wavenumbers measured in 1/cm) 
where lower shifts correspond to lower-frequency 
vibrations, like those of heavy atoms or synchro-
nized vibrating crystal lattices, and higher shifts 

represent high-frequency vibrations, like those of 
light atoms and small compounds/bonds.  
Combined with confocal microscopy, Raman spec-
troscopy becomes a very precise tool: The principle 
of confocal microscopy only allows light which is in 
focus to reach the spectral detector (usually a 
charge-coupled device, CCD), meaning that spectra 
of single points smaller than a μm can be meas-
ured. This also allows the measurement of spectra 
at different depths within the sample, given that 
the sample is translucent enough. 
Recent software and hardware advances have 
made it possible to build pixel-maps out of single-
point spectra, resulting in pictures set together 
from interpreted data of thousands of spectra (Im-
age Scans) (27). For translucent samples, Z-
stacking offers the possibility to build 3D-maps of a 
sample showing not only the surface, but the com-
position of every “voxel” (Volume-Pixel) within. In 
this study, confocal Raman-microspectroscopy has 
been used to acquire image scans (IS) and large 
area scans (LAS). 
Carotenoids’ Raman signature: Due to reso-
nance effects, carotenoids usually exhibit three 
very prominent peaks when they are excited at 
532nm, which correspond to different vibrational 
modes (fig. 4). The first peak at a shift of ~1010/cm 
corresponds to the CH3 in-plane rocking mode. It 
is the peak which is most sensitive to influences by 
side groups and other functional groups, and is 
part of the carotenoid’s “fingerprint” region (23). 
The next peak at ~1150/cm is usually more intense 
and is due to the C-C single bond stretching mode, 
though it is slightly influenced by C-H in-plane 
bending. The third peak, at a shift of ~1515/cm 
comes from the C=C double bond stretching vibra-
tion, which moves in phase over the whole polyene 
chain, with larger displacements towards the mid-
dle of the chain (23). The peak at ~1515/cm will be 
used as signal in this study, since it has most accu-
rately been linked to intracellular carotenoid con-
centration (28). The shifts given here are approxi-
mations, since functional groups and differing 
lengths of the polyene chain can change the shifts. 
 

Figure 4: Typical cyanobacterial carotenoid 

peaks in a resonance Raman spectrum.  

1010/cm 

1150/cm 

 1515/cm 
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Materials / Methods 

STARLIFE Irradiation Campaign 
Irradiation of the samples was performed in the 
frame of the “Starlife” series of experiments, which 
seeks to investigate the effects of different parts of 
the CR on biological systems (11). The intensity of 
the applied radiation is measured in Gray (Gy) to 
describe the amount of absorbed radiation per 
sample. 1 Gy = 1 J / Kg.  
The samples were irradiated on January 30 and 31 
2019 at the Heavy Ion Medical Accelerator in Chi-
ba (HIMAC) which is part of the National Institute 
of Radiological Sciences (NIRS) in Chiba, Japan. 
Samples were irradiated while suspended in PBS 
buffer. Iron ions were accelerated to 500 MeV/n 
with a LET of 200 keV/μm, and doses of 250, 500, 
1500, 2000 and 3000 Gy were applied at a rate of 
12 Gy/min and an intensity of 2.5x108 pps. Samples 
were then stored in the dark at 4°C. Before the 
analysis, 2μL of each colony-suspension was plated 
on glass slides and dried at room temperature and 
0.1% relative humidity for 5 minutes. Between 
measurements, the plated samples were stored in 
the dark at 0.1% relative humidity. 

Data Acquisition 
Fluorescence microscopy: An Olympus BX61 
fluorescence microscope with a 10x objective and 
0.3 numerical aperture was used to take bright-
field and fluorescence pictures. The light source 
was the X-Cite series 120Q by Lumen Dynamics, 
and a FITC/TRITC filter with an excitation range 
of 480±50 nm and an emission of >510 nm was 
used. Pictures were taken by the Olympus DP26 
camera. 
Raman-spectroscopy: A confocal Raman mi-
croscope (WITec alpha300 Raman system) with a 
laser wavelength of 532 nm and a spectral resolu-
tion of 5/cm was used at room temperature and 
ambient pressure at DLR Berlin (Deutsches 
Zentrum für Luft- und Raumfahrt e.V.). Scans were 
performed through a Nikon 10x objective with 0.25 
numerical aperture at 1mW laser power focused in 
a 1.5 μm spot. The instrument was calibrated every 
day of measurement with a pure silicon standard. 
Duplicates for each radiation intensity were ana-
lyzed using large area scans (LAS), each covering 
an area of 1500 μm2 with 22500 spectra per sam-
ple, equaling a resolution of 10 μm2/spectrum. 
Additionally, one sample of each radiation Intensi-
ty was analyzed with three image scans (IS), each 
covering a 150 μm2 area with 10000 spectra, thus 
resulting in a resolution of 1.5 μm2/spectrum. All 
spectra were taken with an integration time of 0.1 

seconds. This results in a minimum of 75000 spec-
tra for each radiation intensity. In total, more than 
half a Million spectra have been gathered, pro-
cessed and analyzed for this study.  

Data Analysis 
The raw spectral data was analyzed using the 
“WITec project FIVE” software. Spectra of large 
area- and image scans were cropped to the region 
of interest (600-1800/cm), and the background 
was subtracted with a 4th order polynomial func-
tion (fig. 5B). All carotenoid peaks at 1515/cm were 
then divided by the noise in their spectrum (de-
fined as the standard deviation in the 700-900/cm 
region) to create a signal-to-noise (fig. 5C) ratio 
mask (SNR-mask). A mask is the visualization of a 
two-dimensional scan, by assigning a color to val-
ues found within the spectra and creating a pixel-
map. Which values a mask takes into account is 
defined by different filters: a maximum filter cre-
ates a mask where each spectrum is reduced to the 
highest value at the shift over which the filter was 
placed, which will be color-coded and displayed as 
a pixel. A standard deviation filter will calculate the 
standard deviation of a chosen area and color-code 
the spectrum’s pixel according to that value. SNR 
filters were created to make all spectra comparable, 
since the CCD count as original y-axis unit varies 
significantly between measurements due to fluo-
rescence effects and the uneven surface of the 
samples. The new y-axis represents the signal in-
tensity in SNR units, which is an indicator for the 
detectability, or quality, of a peak (fig. 5D). A de-
tailed protocol for the SNR procedure has been 
described by M. Baqué (10). In this study, all peaks 
with an SNR below 5 were not considered. 

 
Figure 5: First steps of data processing. A): 

Calothrix sp. carotenoid signal with fluores-

cence background. B): Cropping to region of 

interest (blue area) and background sub-

traction (blue line). C): Defining noise and 

signal regions to create a new y-axis in SNR 

units. D): Spectra used for further analysis. 
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Following the initial processing of the raw spectral 
data (fig. 5), a multitude of values and masks could 
be extracted from each scan:  

▪ The coverage of the signal on the sample, 
which represents the detectability thresh-
old, 

▪ The distribution of signal quality, which is 
visualized by combined SNR and sample 
coverage masks, coined SXB (SNR * Bio-
mask), 

▪ The intensity of the 580 nm fluorescence 
peak (left bulk around a shift of 1400/cm 
in fig. 5:A), 

▪ The intensity of the signal peak at a shift of 
1515/cm, 

▪ And the standard deviation of the noise be-
tween shifts of 700-900/cm. 

 
Coverage: Defined as the area within the sample 
which exhibits detectable carotenoid signals rela-
tive to the sample’s area. 
Because of the nature of the investigated samples, 
a standard SNR analysis (10) did not allow for a 
useful comparison between the samples. As can be 
seen in fig. 6:A and fig. 8, sampled Calothrix sp. 
colonies present randomly distributed aggregates 
of filaments on a glass plate, with intermittent 
areas which are free from filaments. A standard 
SNR analysis of image scans or large area scans 
would have taken into account all recorded spectra, 
even those of the glass (seen in fig. 6:B and E as 
black pixels). This would have made coverage and 
signal quality average measurements unusable.  
In order to omit the glass and only process data 
which comes from the area covered by the samples, 
a new approach was developed: 
Since only the colonies emit background fluores-
cence at a shift of 100/cm , a maximum filter was 
applied to this region. The resulting mask was then 
changed to a boolean mask of all spectra which 
show fluorescence exceeding 50 CCD counts over 
background (Biomask, see fig. 6:B). The switch to 
boolean means that all pixel values which were 
below 50 CCD counts were changed to 0, and all 
values above this threshold to 1. This mask was 
coined “Biomask”. This in turn allows the calcula-
tion of the area within the scan which is covered by 
Calothrix sp. colonies by calculating the average 
value of all pixels. 
The area within Calothrix sp. colonies which 
showed a detectable (SNR>5) carotenoid signal 
was calculated by converting the samples SNR 
mask into an SXB mask by multiplying it with the 
previously created Biomask. This results in a mask 
where all SNR values from measurements made on 
glass are multiplied by 0, and all measurements 

made within the colonies are multiplied by 1, which 
excludes measurements made outside of sample 
bounds. This SXB mask was then converted to 
boolean (with a >5 threshold) and averaged. 
Finally, the % coverage of carotenoid signal within 
the colonies was calculated by dividing the average 
value of the SXB>5 mask by the average value of 
the Biomask. A visual example is given in fig. 6:E, 
where black pixels are glass (not included in the 
averages), yellow pixels represent the colonies and 
red pixels show detectable signals within the colo-
nies. 
 

 
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑆𝑋𝐵>5

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝐵𝑖𝑜𝑚𝑎𝑠𝑘
= 𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒  

 
Signal quality distribution: To quantify which 
spectra of the scan have better/worse signal quali-
ty, the SNR-mask was multiplied with the Biomask 
to exclude all non-sample spectra from the analysis 
and create an SXB mask (SNR * Biomask, see fig. 
6:C,D and detailed explanation in the “coverage” 
part). From the SXB masks, histograms (fig. 9:A) 
and average SNR were extracted (fig. 7:A). 
 
Fluorescence / Signal / Noise intensity: The 
amount of photons (measured in CCD counts) re-
sulting from fluorescence, carotenoid signal and 
noise. Fluorescence values were extracted by mul-
tiplying the raw scan data with the Biomask, aver-
aging it and applying a maximum filter at 
1400/cm. For signal and noise, the background-
subtracted data was multiplied with the Biomask 
and then averaged. The signal intensity was subse-
quently extracted with a maximum filter at 
1515/cm and noise values were extracted with a 
standard deviation filter between 700-900/cm.  
 

 
Figure 6: Steps of data visualization. 

A) The sample as seen under the Raman 

microscope. B) LAS with Biomask filter. 

Calothrix sp. colonies in yellow and non-

sample area (glass) in black. C) LAS with 

SXB filter, with three higher-resolution im-

age scans (example shown in D) embedded 

within. Bottom color violet SNR=0, Top color 

red SNR≥25. E) Biomask (yellow) and 

SXB>5 mask (red) overlay. The ratio of red 

to yellow pixels (spectra) determines the 

signal coverage of the sample.  
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Results 
 
Signal quality: The average SNR value as a 
measure of signal quality increased by 10.3 units 
until 1500 Gy for LAS (fig. 7:A), and by 24.8 units 
until 750 Gy for IS (table 2). A subsequent drop in 
signal quality could be observed at 3000 Gy, where 
SNR decreased by 5.2 and 8.7 units for LAS and IS 
respectively (compared to control). This can also 
be seen in fig. 9:A, where the amount of low-
quality signals decreases, while the amount of 
high-quality signals slightly increases. 
 
Coverage: The signal coverage of the samples also 
increased until 1500 Gy of ionizing radiation: 
Compared to control, samples measured with LAS 
showed a 21% increase of coverage, and samples 
measured with IS showed a 20% increase of cover-
age compared to control. This can also be seen in 
fig. 7:B and table 1 & 2.  Precisely as with signal 
quality, an overall decrease of signal coverage 
could be observed at 3000 Gy, where signal cov-
ered area dropped 40% for LAS and 58% for IS. 
This steep drop is especially visible in fig. 8 when 
comparing the coverage of samples irradiated with 
2000 Gy and 3000 Gy. 
 
Fluorescence / Signal / Noise: The assessment 
of sample fluorescence intensity indicates a drop of 
80% for LAS until 750 Gy and 71% for IS until 
2000 Gy, after which fluorescence slightly increas-
es again, while staying below the levels of control 
for both LAS (fig. 9:B, table 1) and IS (table 2). The 
standard deviation of the 700-900/cm region, here 
referred to as noise, follows the same trend as the 
fluorescence (fig. 7:C) in a proportional relation-
ship. It’s proportional with an approximate ratio of 
155 to 1, meaning that the noise count increases by 
1 photon for 155 photons recorded by the spec-
trometer CCD. 
 
It is noteworthy that all IS values depict a higher 
signal quality and coverage than LAS values, which 
will be discussed. The bright-field microscopic 
assay (examples shown in fig. 8) did not show ob-
vious changes in Calothrix sp. colony morphology 
with increasing radiation intensity, whereas with 
fluorescence at an excitation of 480±50 nm, two 
distinct morphologies with different fluorescence 
emissions became visible: “Green” colonies which 
emit weak light at 610 nm, and “red” colonies 
which emit strongly at 580 nm (fig. 11). A decrease 
of red colonies and their fluorescence could be seen 
in all irradiated samples (fig. 8 and 9:B). 

 

 

 
Figure 7: LAS data graphs. One data point 

is the average of 45000 measurements. (A) 

average signal quality in SNR; (B) average 

signal coverage in %; (C) fluorescence (x) 

and noise (o) intensities in CCD counts on a 

log10 scale over radiation intensity (Gy). All 

trendlines are 4th order polynomial func-

tions.

A) 

B) 

C) 
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Figure 8: Examples of bright-field and fluorescence microscopy images with corresponding 

LAS-based SXB mask (Bottom color violet SNR=0, Top color red SNR≥25), and correspond-

ing coverage map (sample in yellow, SNR>5 in red). 
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Figure 9: A) Average LAS histograms for all radiation intensities. Amount of measurements on 

the y-axis, signal quality (SNR) on the x-axis. B) Average LAS spectra without background 

subtraction. Intensity on the y-axis, Raman-shift in 1/cm on the x-axis. The carotenoid signals 

are visible as small “bumps” close to the shifts of 1150 and 1500/cm (arrows). 

 
 

LAS Results: 

Radiation (Gy) Coverage SNR Signal Noise Fluorescence 

0 44% 7.0 100% 100% 100% 

250 52% 9.9 95% 71% 64% 

500 46% 9.7 73% 48% 46% 

750 51% 13.6 75% 21% 20% 

1500 65% 17.3 90% 26% 25% 

2000 59% 13.7 91% 30% 29% 

3000 4% 1.8 29% 68% 57% 

  

Table 1: Large area scan averages. Each value represents the average of 45000 measure-

ments.  Noise, signal and fluorescence intensities normalized to control.  

 

 
IS Results: 

Radiation (Gy) Coverage SNR Signal Noise Fluorescence 

0 73% 12.0 100% 100% 100% 

250 61% 14.0 59% 33% 35% 

500 79% 25.7 110% 41% 48% 

750 85% 36.8 154% 30% 32% 

1500 93% 35.5 130% 37% 40% 

2000 67% 21.0 79% 26% 29% 

3000 15% 3.3 27% 70% 68% 
 

Table 2: Image scan averages. Each value represents the average of 30000 measurements.  

Noise, signal and fluorescence intensities normalized to control.

A) B) 

0 Gy 

250 Gy 

500 Gy 

750 Gy 

1500 Gy 

2000 Gy 

3000 Gy 

0 Gy 

250 Gy 

500 Gy 

750 Gy 

1500 Gy 

2000 Gy 

3000 Gy 
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Discussion 
 
The result that signal quality and coverage increas-
es until circa 1500 Gy of Fe26+ radiation was unex-
pected, since it is known that carotenoids function 
as sacrificial ROS-scavenging molecules (22), and 
the initial hypothesis was that the detectability 
should decrease exponentially due to increased 
radiation stress. As this research shows, the model 
of detectability (by SNR) being proportional to the 
intracellular carotenoid concentration is not accu-
rate for all organisms or situations. Even though 
the results are unexpected, they can be explained: 
Detectability of carotenoid signals should not be 
set equal to the abundance of carotenoid molecules 
within the cell, since the latter is an absolute meas-
ure of a quantity, and the first a relative measure 
which strongly depends on the method used, the 
organism studied and environmental factors. In 
this case, detectability was assessed as a relative 
measure of signal intensity to noise intensity, and 
it is thus no surprise that independent factors 
which change the signal or noise have an important 
influence on the detectability. In this study, the 
580 nm fluorescence has been identified as a major 
influence on the standard deviation of the noise 
region between 700 and 900/cm, and directly in-
fluences the SNR. As can be seen in fig. 10, a rela-
tively constant signal combined with a drop of the 
noise results in increased signal quality. 

 
Figure 10: Signal ( ) and Noise ( ) in CCD 

counts, and resulting SNR ( ) data from 

LAS scans with 4th order polynomial trend-

lines. Even though the CCD count of the 

signal remains relatively constant, the drop 

in the CCD count of the noise causes im-

proved detectability of the carotenoid signal 

around a radiation intensity of 1500 Gy. 

Decreased signal intensity and increased 

noise at 3000 Gy make the average carote-

noid signal almost undetectable.  

 
 
The same effect in greater detail can also be seen in 
the histogram in fig. 9:A; the number of measure-
ments with low-quality spectra clearly diminishes 
until 1500 Gy, and the histogram is “flattened”. 
More high-quality measurements appear, and the 
Average SNR is increased. At 2000 Gy, a gradual 
increase of low-quality spectra can be observed, 
and at 3000 Gy the number of measurements dis-
playing a SNR>5 (detectability threshold) reaches 
a minimum. The initial decrease in fluorescence 
might be explained by the disintegration of fluores-
cent cellular compounds, and the increase of fluo-
rescence at higher radiation doses through an ac-
cumulation of new fluorescent degradation prod-
ucts (29). Possible candidates for the fluorescence 
at 580 nm are phycoerythrins (PE), which have an 
emission maximum at 575±10 nm and are accesso-
ry pigments in phycobilisomes. Phycobilisomes are 
antenna-like protein structures associated with the 
photosynthetic complex which increase photosyn-
thetic efficiency for lower wavelengths of light. The 
expression of PE has been shown to increase in 
Calothrix sp. during cultivation under marine cir-
cumstances (30), and since the Calothrix sp. colo-
nies used for this study were cultivated while sus-
pended in liquid, the presence of PE would not be 
surprising. An additional hint for the 580 nm fluo-
rescence being caused by PE is their known photo-
bleaching characteristics, an effect which could 
also be seen on scanned areas of the samples, even 
though integration time has been kept short (0.1 s). 
A possible hypothesis for the increased detectabil-
ity of carotenoid signatures until 1500 Gy would 
thus be that the rate of phycoerythrin fluorescence 
deterioration is higher than the rate of carotenoid 
signal deterioration.  
Difference between LAS and IS: Differences 
between large area scans and image scans, which 
can be seen in table 1 and 2, are due to a number of 
reasons. First, the increased resolution means a 
higher statistical chance of finding spots with high 
carotenoid signals, which will influence the average 
SNR. Secondly, photobleaching of the fluorescence 
background is increased in high resolution scans, 
since the density of photons in the sample will 
increase with resolution, even if the integration 
time is kept the same (a LAS covers 100 times the 
area of an IS, but has only 2.25 times the meas-
urements). This will also increase the SNR. Addi-
tionally, Calothrix sp. colonies are heterogeneous 
entities with cells of varying ages and morpholo-
gies. This can be seen in the fluorescence micros-
copy pictures and in the SXB masks of fig. 8. Espe-
cially striking was the difference between cells ex-
hibiting low level fluorescence at 610 nm (green) 
and cells exhibiting strong fluorescence at 580 nm,  
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seen in red in fig. 11. Since the area covered by 
image scans might not be representative of the 
whole sample, LAS data might be more reliable. 

  
 
Related work performed with a fluorescence spec-
trometer has mentioned the decrease of fluores-
cence with ionizing radiation, and has linked it to 
phycobilisome degradation (29). This effect might 
not have been apparent in other Raman-
spectroscopic assays due to long integration times 
(for example 10s integration with 40 accumula-
tions in L.R. Dartnell’s paper (28), which bleaches 
most fluorescence away) or due to different data 
analysis methods.  
 
Significance: By mapping whole samples and 
giving average SNR values, the results of this study 
can be translated and compared to other studies by 
showing which SNR values can be expected when 
using increased laser spot sizes (the ExoMars rover 
has a 50 μm spot size) and the probability (given 
by the % coverage) of finding a carotenoid signal 
when analyzing a carotenoid-containing sample 
with single measurements. Since samples were 
irradiated while wet, the experimental conditions 
apply better to possible recent life in regions of 
Mars with a chance of liquid water than to possible 
dried and fossilized remains. Samples were ana-
lyzed under ambient pressure, since analysis under 
a vacuum is not thought to improve the signal or 
noise measurements.  The hint that phycobilipro-
tein’s signatures might degrade faster than carote-
noid’s signatures is interesting and could be inves-
tigated further. Since the amount of ionizing radia-
tion hitting the surface of Mars is estimated at 160 
mGy/year (29) the maximum intensity of 3000 Gy 
used in this study is approximately 18.000 times 
higher, although direct comparisons like this are 
hard to make since the degradation is dependent 
on many factors. The type of ionizing radiation, the 
velocities and energies involved, the time during 
which a sample was exposed, the state of the sam-
ple (wet or dry) and the possible protection of the 
sample within soil are all factors which are still 
investigated within the STARLIFE project.  

 

 

 

 

Conclusion: The Detection of carotenoid’s signa-
ture by Raman-spectroscopy was facilitated by up 
to 1500 Gy of Fe26+ ionizing radiation. This is main-
ly due to a drop of fluorescence in the 580 nm re-
gion with increasing radiation, which is believed to 
be caused by phycobilisome degradation. The de-
tection becomes more difficult for radiation inten-
sities of 2000 Gy and up due to decreasing signal 
intensity and increasing fluorescence. After 3000 
Gy, the detection is very improbable, but not im-
possible.  

Abbreviations 
 
 

CCD Charge-coupled Device 

CR Cosmic Radiation 

EPS Extracellular Polymeric 
Substances 

GCR Galactic Cosmic radia-
tion 

IR Infrared 

IS Image Scan 

LAS Large Area Scan 

LET Linear Energy Transfer 

PBS Phosphate-Buffered 
Saline 

PE Phycoerythrin 

ROS Reactive Oxygen Spe-
cies 

SCR  Solar Cosmic Radiation 

SNR Signal-to-Noise Ratio 

SXB SNR x Biomask 

UV Ultra-Violet 
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