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A B S T R A C T

In the last decades, Mars has been widely studied with on-site missions and observations, showing a planet
that could have hosted life in the past. For this reason, the recent and future space missions on the red planet
will search for traces of past and, possibly, present life. As a basis for these missions, Space Agencies, such as
the European Space Agency, have conducted many experiments on living organisms, studying their behavior
in extraterrestrial conditions, learning to recognize their biosignatures with techniques remotely controllable
such as Raman spectroscopy. Among these organisms, the radioresistant cyanobacterium Chroococcidiopsis was
irradiated during the STARLIFE campaign with strong radiative insults. In this article we have investigated
this cyanobacterium using Raman spectroscopy and extended the characterization of its biosignatures and its
response to the radiative stress to the mid- Infrared and Terahertz spectral region using the Fourier Transform
InfraRed (FT-IR) and Terahertz Time Domain spectroscopy (THz- TDs), which demonstrates the compatibility
and suitability of these techniques for future space missions.
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1. Introduction

The potential presence of life in our solar and/or in extra-solar
systems has always fascinated humanity. With the advent of the space
age, interest in the pursuit of life is rapidly increasing, focusing on
where and how to recognize life in outer space. Indeed, space ex-
plorations and growing knowledge of life on Earth has highlighted
potential extraterrestrial targets, which may have harbored life or could
maintain hospitable conditions for life, [1,2]. Among these, in the last
20 years, Mars has been the focus of extensive studies and observations
by dedicated robotic missions, aimed at acquiring more information
about its surface environment. In addition to this, Space Agencies have
supported various ground-based and in-space experiments on living
organisms, in order to test and study their behavior in extraterrestrial
conditions, identify the biosignatures and experimental techniques that
would reveal their presence in foreign environments, from those in
space to those present on other planets and moons. Extremophile organ-
isms were chosen as potential candidates due to their ability to survive
and withstand highly inhospitable conditions, [3–5]. Among these or-
ganisms, Chroococcidiopsis, a desertic cyanobacterium, exhibits a strong
adio-resistance, tolerating high doses of ionizing radiation (i.e. up to
5 kGy at a 100 Gy/min dose rate of 𝛾-rays) [6], high resistance to

dry storage up to 4 years, and extreme conditions such as temperature,
pressure and vacuum: it survived 548 day is space-like conditions. The
radio-resistance of Chroococcidiopsis was put to test during the STAR-
LIFE irradiation campaign in 2014, [7]. Two strains of cyanobacteria,
Chroococcidiopsis CCMEE 029 and 057 dried and in liquid culture, were
irradiated with photons (X- and 𝛾- rays) and ions (He, Fe and Si) to
ompare the different radio responses of both system conditions [6,8].
n this article, we explore the potential of vibrational spectroscopies in
round-based experiments, miming extraterrestrial environmental con-
itions. We have characterized spectroscopically dried Chroococcidiopsis
CCMEE 057) exposed to increasing doses of X-rays during the STAR-
IFE Irradiation Campaign. In addition to the well-assessed Raman
pectroscopy, we enlarged the spectral characterization with Fourier
ransform Infrared (FT-IR) spectroscopy and gave a novel insight deep

nto the IR spectral region using Terahertz Time Domain spectroscopy
THz-TDs). THz spectroscopy enables the detection of bacterial cells
ased on specific spectral features in the unexplored THz fingerprint,
ompleting their knowledge of the spectral data obtained with IR
nd Raman spectroscopy, [9,10]. Recently, Yoon et al. 2020 [11]
erformed measurements of microbial films of various microorganism
pecies: it was found that they have significant differences in their
ielectric constants between the types of microorganisms. This reveals
he potential of THz spectroscopy in wide applications as biomolecular
nd pathogens investigations, including the detection of viruses and
acteria, [12–14].

The three techniques are all label free, non-destructive and remotely
ontrollable and, most important, they provide complementary infor-
ation on the biochemical composition of organisms and on the related
odifications induced by radiation [13,15,16]. The goal of this paper

s a complete characterization of the spectral biosignatures in the IR
ange, using different highly sensitive and non-invasive vibrational
echniques, which allows to observe any precursor effect of the damage
rom high doses at the submolecular and collective level; at the same
ime we want to evaluate potential radio-induced damages and/or
lterations of the optical response, compare them in terms of sensitivity
nd efficacy.

. Materials and methods

.1. Preparation of chroococcidiopsis sample

Chroococcidiopsis (CCMEE 057) was chosen as biological model
ystem. Roseli Ocampo-Friedmann isolated Chroococcidiopsis from chas-
oendolithic growth in granite in the Sinai Desert (Egypt) and it is
2

maintained at the University of Rome Tor Vergata. The strain was
grown under routine conditions at 25 ◦C, in BG11 medium, under
a photon flux density of 40 μmol ⋅ m−2 ⋅ s−1 provided by fluorescent
cool-white bulbs with a 16/8 h light/dark cycle.

Chroococcidiopsis (CCMEE 057) was irradiated with increasing doses
f ionizing radiations, namely X-ray, with low Linear Energy Transfer
uring the STARLIFE irradiation campaign in 2014, [7]. CCMEE 057
as therefore kept at the University of Rome Tor Vergata in a sealed
ppendorf for 4 years.

Samples used for Raman and FT-IR experiments consist of 10 μl of
olution (∼ 1.5⋅109 cfu/ml) dropped in triplicate on a Si plate and dried
n air.

For THz-TDs experiments, a volume of 40 μl of the concentrated
olution (∼ 6.9 ⋅ 109 cfu/ml)was deposited on a multiwell Si plate.
etails of the sample’s preparation can be found in Supplementary

nformation, SI.

.2. Raman spectroscopy: experimental set-up and data collection parame-
ers

Raman measurements were performed with a Jasco NRS 5100
icro-Raman in backscattering geometry. A green laser (@ 532 nm)
robed the samples using a laser power of 1.3 mW for 5 accumulation
f 5 s of exposure each, passing through a confocal microscope (20X
bjective, which gave a 5 μm-wide laser spot) coupled with a Czerny–
urner spectrometer (1800 gr/mm grating) and a Charged Coupled
evice, CCD, as detector (1024 × 256 pixels whose dimension is
6 × 26 μm). Raman spectra range from 800 to 1700 cm−1 with a
pectral resolution of 4 cm−1.

OPUS 7.0 and Origin 9.0 were used to treat, respectively, the raw
aman spectra and related data in a manner consistent with the method
escribed in [8,17]. After linearly baseline the Raman spectra, the
ignal-to-Noise Ratio (SNR) was calculated by dividing the Intensity
f the peak at 1516 cm−1 (the signal) by the standard deviation of
he spectral range 700–900 cm−1 (the noise). Spectra whose SNR >
0% were averaged and the resulting spectrum was fitted with Lorentz
urves. The intensities of the relative peaks were then normalized to
he corresponding bands of the non-irradiated sample (the control),
xpressing the intensities in normalized values.

.3. FT-ir spectroscopy: experimental set-up and data collection parameters

FT-IR spectroscopy of a biological material is a direct method to
xtract biochemical information in a non destructive and label-free
ay [18]. Molecular bonds with a variable electric dipole moment due

o vibrations are IR active. It is a very versatile technique and over
ime it has proven to be a strategic tool in several research fields;
or example, to monitor the radiation-induced damage of biomolecules
uch as DNA, proteins and lipids. More in detail, ionizing radiation
amages molecular structures and it is possible to record its effect
ased on the modification of the FT-IR spectral characteristics of the
iomolecules [19–24]. Furthermore, FT-IR and Raman spectroscopies
re often coupled together to characterize the molecular composition
f the sample in a complementary way, since in parity of conserved
aterials Raman active rotovibrations are not FT-IR active and vice

ersa [16,25].
FT-IR measurements were performed in transmission geometry with

n IR microscope (Bruker Hyperion 3000). In detail, the experimental
et-up consists of a mid-IR source (globar), illuminating a Michelson
nterferometer (Bruker, Vertex 70V) which is coupled with the IR
icroscope (equipped with Cassegrain objectives, and a magnification

f 15X) and an IR detector, a 0.25 × 0.25 mm Mercury Cadmium
elluride (MCT). The FT-IR measurements absorbance spectra averaged
4 scans over a 700–3800 cm−1 spectral range with spectral resolution
f 4 cm−1.
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OPUS 7.0 and Origin 9.0 were employed to treat, respectively, the
FT-IR raw spectra and related data, respectively. The FT-IR spectra
were vector normalized and baseline corrected using the OPUS soft-
ware functions. Once the bands of interest were identified, they were
deconvoluted with Lorentz curves to reveal the underlying peaks and
their characteristics.

2.4. THz-TDs spectroscopy: experimental set-up and data collection param-
eters

THz spectral range (3–300 cm−1, or 0.1 to 10 THz) has quickly
become accessible thanks to many efforts made in THz technology
and in the improvement of THz sources and detectors, [26–32], stim-
ulating an extensive and rapid spread of THz radiation in various
scientific fields, [29,33–40]. THz photons (equivalent to 4meV @ 1
THz) propagate through biological targets in order to excite collective
low-frequency vibrational modes, i.e coinciding with the energy levels
related to rotational and vibrational molecular modes and intermolec-
ular vibrations, such as hydrogen bonds, van der Waals forces and
non-bonding (hydrophobic) interactions, [41]. Furthermore, the THz
sensitivity to polar molecules, including water molecule [42,43], makes
it possible to quickly assess the life status of bacteria by evaluating
their different level of hydration from a label-free measurement. In
particular, differently from IR spectroscopy, THz-TDs employs the syn-
chronous and coherent detection of THz electric field both in amplitude
and phase, allowing the evaluation of the optical parameters of the
sample without using Kramer–Kronig equations. THz electric fields of
irradiated dried CCMEE057 were collected with the home-made THz-
TDs spectrometer (reported in THz-TDs Section of SI). The system
works in transmission mode and in the spectral range between 0.2–
2.5 THz. The empty Si plate (reference signal) and sample pulses are
measured by placing the Si plate with dried cyanobacteria in the focal
point of THz radiation, respectively, with an approximately 1 mm
spot diameter under ambient conditions, [33]. Each measured data
point in each sample was averaged ten times in the time domain, and
all measured data were averaged five times. Time-domain data were
converted into frequency-domain data using a fast Fourier transform
(FFT) algorithm in Matlab2016b. By measuring both the amplitudes
and phases of the transmitted THz pulses through the thick bacterial
depositions, we extracted the complex dielectric constants (see SI).

3. Results

3.1. Raman spectroscopy results

In order to study the effects of radiation on Chroococcidiopsis, a Ra-
an study was performed by measuring the spectra related to CCMEE
57 irradiated with each dose (see Sample Treatment section in SI). The
reliminary study of the wide range (300–5500 cm−1) spectra showed
he fingerprint of the carotenoids at low frequencies (from 900 to
600 cm−1) and a strong fluorescence tail at higher frequencies (shown
igure S1 of SI). Therefore, the following measurements and analyses
ocused on the carotenoid fingerprint (Fig. 1).

Carotenoids are a variated chemical group having a polyene skeletal
ackbone, whose Raman spectrum of carotenoids presents three main
ands: the C=CH3 bending (𝜈1), the CC stretching (𝜈2) and the C=C
tretching band (𝜈3) [17,44–46]. Furthermore, such Raman spectrum is
o stronger to cover the signal coming with respect to other electronic
ands because of the Raman Resonance effect. It consist of an increase
f the Raman signal of a given electronic band due to the proximity of
ts energy level and the frequency of the excitation laser [44,46].

The X-ray irradiation that CCMEE 057 experienced did not deterio-
ate the carotenoid Raman signal also at the highest doses (see Fig. 1).
ndeed, the carotenoids Raman spectra are always well recognizable.
oreover, there were no alterations of the three bands parameters

n relation to increasing doses. The average frequencies of the bands
3

Table 1
Parameters of the linear fit of the normalized intensity of the main carotenoids peaks
(𝜈1, 𝜈2, 𝜈3), which correspond to the y, in relation to the X-ray doses (x) in Fig. 2.

Linear Fit : 𝑦(𝑥) = 𝑦0 + 𝑥𝑞

Normalized 𝑦0 q 𝑅2

Intensity

𝜈1 104 ± 2 −1.4 ± 0.8 0.4
𝜈2 105 ± 2 −1.3 ± 0.8 0.4
𝜈3 100.01 ± 0.01 −2 ⋅ 10−3 ± 5 ⋅ 10−3 0.03

are the following: 𝜈1 = 999.8 ± 4 cm−1, 𝜈2 = 1153.1 ± 4 cm−1, 𝜈3 =
514.7 ± 4 cm−1 with a variance from the mean values of ca. 0.1.
he intensities of the main carotenoid bands showed similar results:
s shown in Fig. 2, where the normalized intensity of the three bands
s constant at ∼ 100%. Indeed, the normalized intensity of the three
ands was linearly fitted and for all the datasets the intercept is close
o 100% and the slope is ∼0 with a mean 𝑅2 ∼0.3 (Table 1). These

results demonstrate that the intensity of 𝜈1, 𝜈2 and 𝜈3 bands does not
vary with increased X-ray doses and, thus, it is not possible to highlight
any Raman-spectral modification induced by the radiative insult.

3.2. FT-IR spectroscopy results

In order to enrich the knowledge on the effects of irradiation on
CCMEE 057 and the spectroscopic characterization, the system was
studied also with FT-IR and THz-TDs spectroscopies.

The FT-IR spectra of control and irradiated samples are reported
in Fig. 3. Inspection of these data by eye is limited as the spectra are
qualitatively very similar.

Therefore, to observe overall trends in the data and to determine
if the response of X-ray irradiated Chrooccocidiopsis was characterized
by changes to specific biomolecules, the ratios of intensities of specific
IR regions were plotted against dose. As lipid levels are fundamental
to the integrity and functionality of membranes [47–50], lipid FTIR
absorption bands have been analyzed in detail to assess if ionizing radi-
ation may have significant implications for the long-term metabolism
and functionality, while Verseux et al. 2017 [6] have shown that no
significant structural damage affects lipid membranes after exposure of
Chroococcidiopsis CCMEE 029 dried cells to 5 kGy of X-rays.

The lipid stretching band (2800–3000 cm−1) was deconvoluted with
five Lorentz curves: 𝜈𝐼1, 𝜈𝐼2, 𝜈𝐼3, 𝜈𝐼4 and 𝜈𝐼5, as shown in Figure S2 and

able S1 of SI, which correspond to the symmetric and antisymmetric
tretching CH modes. The identified modes were the following:

∙ 𝜈𝐼1 → 2853 cm−1 - CH2 symmetric stretching,
∙ 𝜈𝐼2 → 2873 cm−1 - CH3 symmetric stretching,
∙ 𝜈𝐼3 → 2893 cm−1 - CH stretching,
∙ 𝜈𝐼4 → 2927 cm−1 - CH2 antisymmetric stretching,
∙ 𝜈𝐼5 → 2960 cm−1 - CH3 antisymmetric stretching.

Variations of frequency and the area ratio are conformation-sens-
tive and indicate the modification of the membrane bonds, [51].
hough, the analysis of the frequency of 𝜈𝐼1, 𝜈𝐼2, 𝜈𝐼3, 𝜈𝐼4 and 𝜈𝐼5 did
ot highlight any significant shift correlated to the irradiation stress, as
hown in Figure S3 of SI, giving the suggestion that the irradiation did
ot affect the inner order of the lipid molecular bonds.

To further prove this thesis, changes to the lipid content of cells
ere quantified by measurement of the peak intensity of the CH2
symmetric stretching and CH stretching, CH2 asymmetric stretching
nd total lipid band, and the CH2/CH3 symmetric stretching, which

are correlated, respectively, to the polarity, length and packing of the
lipid chains of the membrane, [50,52]. Any variation of these ratios
points to the impairment of the integrity of membranes due to the
radiative assault, [50]. In all the three cases the ratio did not change
with increasing X-ray doses: the polarity is stable at ∼7, the length at

∼0.9 and the packing at ∼0.6. as shown in Fig. 4 and Table 2.
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Fig. 1. Representative Raman Spectra of Chroococcidiopsis exposed to X-ray irradiation, showing the Raman fingerprint of carotenoids. The spectrum of the control (0 Gy) sample
is shown in blue, the sample irradiated with 250 Gy in red, with 1000 Gy in yellow and with 5000 Gy in purple.
Fig. 2. Normalized intensity of 𝜈1, 𝜈2 and 𝜈3 bands of the X - Ray irradiation series and the relative linear fit (red lines): the intensity of 𝜈1 band is shown with dot marks, 𝜈2
with diamonds and 𝜈3 with squares.
Table 2
Parameters of the linear fit of the normalized intensity of the area ratios of the lipid
peaks, which correspond to the y, in relation to the X-ray doses (x) in Fig. 4.

Linear Fit : 𝑦(𝑥) = 𝑦0 + 𝑥𝑞

𝑦0 q 𝑅2

𝐴𝐶𝐻2𝑎𝑠∕𝐴𝐶𝐻𝑠 7 ± 1 0.25 ± 0.12 0.10
𝐴𝐶𝐻2𝑎𝑠∕𝐴𝑡𝑜𝑡 0.86 ± 0.06 0.014 ± 0.022 0.08
𝐴𝐶𝐻2𝑠𝑠∕𝐴𝐶𝐻3𝑠𝑠 0.6 ± 0.1 0.025 ± 0.03 0.12

Also, the protein/lipid ratios were calculated by dividing the inten-
sities of spectral regions associated with proteins (amide and amine
regions) by regions associated with lipids (aliphatic CH vibration
and CH2∕CH3 asymmetric stretch). As the amount of proteins and
lipids play an important role in maintaining function and fluidity,
protein/lipid ratios can be related to membrane integrity. These anal-
yses showed that also the protein/lipid ratio remains constant after
irradiation (data not shown). It is therefore possible to conclude that
an evident change in the metabolic spectral signature of the cells after
X-ray irradiation was not evidenced by the FT-IR data.

3.3. THz-TDs spectroscopy results

The previous spectroscopy techniques did not highlight any direct
radiation-induced damages at molecular level; thus, the analysis was
expanded at collective molecular level through THz-TDs revealing any
4

possible variations induced by secondary effects of radiations such as
the reassembly of molecules.

We investigated the dielectric properties of cyanobacterial dried
films, previously exposed to increasing X-rays doses. By measuring both
amplitudes and phases of the transmitted THz electric fields through
the microbial samples, we extracted the dielectric properties, including
absorbance and refractive index, representative dielectric constants of
the microbial films.

We expect to observe predominantly the spectral contribution due
to the bacterial cell wall, as demonstrated by Yoon et al. 2020 [11],
in a strong correlation between dielectric constant of cell wall compo-
sition and their molecular structures in the study of different types of
micro-organisms with THz spectroscopy.

To proceed with this analysis, the samples had to be characterized
in this spectral region and Fig. 5 shows the first THz absorption spectra
of CCMEE 057 varying the X-rays doses, in the spectral range 0.5–
2.5 THz. In Table S2 of SI and in Fig. 6, the position of peaks for samples
of control (0 Gy) and exposed to different doses are reported. All the
resolved peaks are shown in Fig. 5. In addition, 2nd-derivative analysis
of the spectra (data not shown) of control allowed the identification of
other contributions, [13,53–56].

The cell wall of cyanobacteria, being Gram-negative bacteria, ap-
pears multilayered and the chemical constituents are polypeptide units
(called peptidoglycans), which are generally made up of N-acetyl-
muramic acid (NAM) and N-acetyl-glucosamine (NAG) sugar units, and
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Fig. 3. Representative FT-IR absorbance spectra of X-ray irradiated bacteria shifted for clarity: control (0 Gy) is depicted in blue, 250 Gy in red, 1000 Gy in yellow and 5000 Gy
in purple.
Fig. 4. The top graph shows the area ratio of CH2 antisymmetric stretching and CH stretching (𝜈𝐼4 and 𝜈𝐼3), the middle one of CH2 antisymmetric stretching (𝜈𝐼4) and total lipid
band and the bottom one of CH2 and CH3 symmetric stretching (𝜈𝐼1 and 𝜈𝐼2), which are correlated, respectively, to the polarity, length and packing of the lipid chains of the
cyanobacterial membrane. Any variation of these ratios points to the impairment of the integrity of membranes due to the radiative assault. A linear fit was performed on all
the datasets (red lines) and in all cases the 𝑅2 ∼ 0.1 demonstrating that there is no correlation between the ratios and the received doses, the parameters of the linear fits are in
Table 2.
peptide chains for crosslinking the repeating chain of sugar
molecules, [57].

The THz results, instead, in spectral range from 0.5 to 2.5 THz, are
characterized by weak absorption bands below 1 THz, the majority of
them can be ascribed to skeleton torsion due to the glycan constituents,
Fig. 6. Around 0.9 THz a common absorption feature is observed and
attributable to amino acids made up the peptidoglycan unit. Due to
the similarity in their chemical structures therefore we cannot as-
sign a unique contribution. A broad absorption band is observed at
1.36 THz attributable to polyglycine, therefore identifying N-Acetyl-D-
Glucosamine, [58–60]. Even absorption frequencies around 1.84 and
2.30 THz can be ascribed to L-glycine, [58,61]. In addition, L- and
D- glutamic acid exhibit resonant frequencies at 2.48 and 1.21 THz,
respectively, present in the cell wall of bacteria, [58,62–64].

We are able to identify the absorption features of the sugar unit
clearly observed around 1.76 THz. The intense broad band, centered
around 2.14 THz, is the convolution of partially overlapping spec-
tral contributions due to the deformation skeleton of the sugar rings,
L-lysine, D- and L-alanine and L-glutamic acid, [58,62,65–68].

The ripples around 1.15 THz and 2.25 THz are observed in the spec-
tra of bacteria exposed to 0 and 500 Gy. They are due to the remnant
THz water absorption in the sample not completely dried. Notably,
for the spectral region below 1 THz, the band at 0.76 THz, related to
glycans, shows shifts beyond the spectral resolution (0.05 THz), toward
5

lower frequencies for 250 Gy, 500 Gy and 1000 Gy. It is worthwhile
to note that changes in lipid-related peaks are usually associated with
activation of peroxidases and glucose catabolism, [69]. Although, some
studies on the effects of ionizing radiations on cyanobacteria have also
shown that some of the cyanobacteria can tolerate very high doses
as well as chronic low dose of ionizing radiation, chronic exposure
could stimulate effects, such as activation of peroxidases and glucose
catabolism, and/or indirect effects due to the ROS action, [3,70–72]. In
the same frequency region, a significant shift is observed for 0.92 THz
peak related to amino acids contribution for biofilm exposed to 1000 Gy
dose. The two resolved bands at 1.76 and 1.92 THz, related to the sugar
and glycine contributions respectively, shift in order to form a unique
broadband with the spectral contents reported in the Table S2 of SI. In
conclusion, from the comparison of THz absorption spectra between the
control biofilm and those exposed to various X-rays doses emerges that
they have similar THz absorption characteristics, originating from the
same molecular collective vibration modes. As expected, these reflect
the bacterial membrane composition. No relevant radio induced direct
effect can be observed.

The representative dielectric constants 𝜖f ilm of the CCMEE 057
targets are estimated for the five different X-rays doses, (see SI). The
imaginary parts are close to zero. Assuming this as a starting point,
the dielectric properties of individual CCMEE 057 could be obtained.
We used the effective medium theory, specifically the Bruggeman
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Fig. 5. THz absorption spectra of dried CCMEE 057 films on Si substrate exposed to increasing X-rays doses, during the STARLIFE campaign. The spectral range is 0.5–2.5 THz.
Fig. 6. Frequency shifts of peak positions with respect to those found for the control in the spectral range 0.5–2.5 THz. The shifts whose error is lower than the spectral resolution
are reported as circles (with pointed lines for clarity).
model, [73], for which
𝜖f ilm − 1
3𝜖f ilm

=
𝑓 (𝜖f − 1)
𝜖f + 2𝜖f ilm

(1)

being the imaginary parts close to zero, thus the extinction coefficient
is negligible

𝑛2f ilm − 1

3𝑛2f ilm
=

𝑓 (𝑛2f − 1)

𝑛2f + 2𝑛2f ilm
(2)

Where 𝜖f ilm and 𝜖f are the real parts of dielectric constants of
bacterial film and individual bacteria, respectively; and f is the packing
fraction. It strongly depends on the shape of the individual microor-
ganisms volume fraction and aspect ratio because they influence the
arrangement in the closely packed films. In order to choose the ap-
propriate value for f, we evaluated the morphological features through
an optical microscope. We observed spherical shape (diameter around
2 μm) and high closely packed structure, as displayed in an optical
microscope picture of deposited bacterial cells on Si substrate (in SI).
Therefore, we assume 𝑓 = 0.64, [11,73,74]. The refractive indices are
displayed in Fig. 7.

The results reported here can be considered as a first starting
point to evaluate the potentiality of THz spectroscopy in this research
field. The extrapolated optical properties of cyanobacteria exposed to
increasing doses of X-ray radiations are in accordance with the results
achieved to Raman and FT-IR spectroscopies. Moreover, they could
be used as biomarkers/biosignatures for the recognition of cyanobac-
terium CCMEE 057.
6

Discussion and conclusion

The Raman measurements of this work showed the clear and well
recognizable carotenoids biosignature for all the CCMEE 057 samples,
also for the one irradiated at the highest dose (5 kGy), Fig. 1. Baqué
et al. 2020 identified which genes encode carotenoids for Chroococcid-
iopsis CCMEE 029 and so, which carotenoids are produced: 𝛽-carotene,
hydroxylated carotenoids (zeaxanthin), keto-carotenoids (canthaxan-
thin and echinone), and of carotenoid glycosides (4-ketomyxol 20-
fucoside). Such a great variety of carotenoids guarantee for an efficient
ROS scavenging system, [8,44,75,76]. Indeed, the same biosignature
was detected when the Chroococcidiopsis strain CCMEE 029, was ir-
radiated with 𝛾 - rays, doses up to 103 kGy, during the STARLIFE
irradiation campaign, [8]. Both strains preserve the spectral char-
acteristics of the carotenoids biosignature regardless of the received
dose. Though, there is a slight difference when it comes to comparing
the normalized intensity of the main carotenoids peaks: CCMEE 029
intensity decreases by 20% with respect to the control sample while
CCMEE 057 is stationary as the X-ray doses increase. This could be
explained by the highest dose reached with the 𝛾 - rays, though the
strength of the carotenoid’s biosignature is still remarkable. Moreover,
it is worth observing that during the STARLIFE irradiation campaign
also the Nostocales cyanobacterium was irradiated with 𝛾-rays in dry
state or mixed with Mars-like regolith. The following Raman analysis
showed that Nostocales lost the carotenoids biosignature after it was
directly irradiated with more then 12 kGy, demonstrating that the
𝛾-rays damaged the carotenoids molecular structure and that the radio-
resistance of biosignatures is speci-specific. Though, when Nostocales
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Fig. 7. THz refractive indices of dried CCMEE 057 cyanobacteria obtained from the Bruggeman model exposed to increasing X - rays doses, during the STARLIFE campaign. The
spectral range is 0.5–2.5 THz.
was irradiated within Mars-like regolith it successfully endured the
radiative-stress and preserved the biosignatures also at the highest dose
(over 100 kGy), [17]. Thus, it is possible to conclude that the waterless
martian subsoil may preserve the structural integrity of past life and
protect the present one, enabling their detection. For all these reasons
and for being greatly adaptable Raman spectroscopy has been chosen as
the main technology on Perseverance and EXOMARs payload to search
for life traces on Mars and due to these characteristics, the carotenoid
fingerprint has been chosen as one of the biosignatures that ExoMars
and Perseverance will look for on the Red Planet, [6,8,17,77,78].

The FTIR spectra showed five different bands associated with pro-
teins, polysaccharides, water and lipids and none of them displayed
any significant modification in correlation to the doses, moreover
the spectra were well recognizable despite of the radiative insult. In
particular, this study focused on lipids in order to evaluate if there
was any variation in the state of the lipid membrane induced by the
X-rays. The peaks of the lipid band are conformation-sensitive and
variations of frequency and intensity ratios correspond to changes of
the membrane status. In particular, the analysis of the frequencies of
the lipid peaks did not highlight any shift correlated to the irradiation
doses, indicating that there were no variations of the inner order of
the lipid membrane. This result was double-proven by the analysis of
the membrane’s integrity, which did not highlight any variation of the
lipid chain polarity, length and packing of the lipids correlated to the
X-ray doses, pointing to intact membranes. The absence of physical
damages to the bacterial membrane was also observed by Verseux et al.
2017, [6], who demonstrated that irradiated CCMEE 057 with X-rays
during the STARLIFE campaign had intact membranes by staining the
irradiated cyanobacteria with SYTOX green dye, which penetrates cells
with impaired membranes, and even at the highest doses CCMEE 057
was not painted by SYTOX green. Moreover, in the same study the
clonogenicity of CCMEE 057 was put to test and it showed that it was
still able to replicate after the highest dose of X-ray and after 11 kGy
of 𝛾-ray, [6], demonstrating that also the highest doses of X-ray did not
structurally damage the membrane or their clonogenicity.

Finally, THz-TDs gave insights on the effect that the X-ray irradi-
ation may have produced at the collective molecular level. THz spec-
troscopy is largely appealing for biomedical issues, including pathogens
detection. In fact, many rotational and vibrational energy levels, and
collective modes are located within the THz spectral range providing
chemical specificity, which can be efficiently done in label-free and
non-contact modes, [12,37]. This may be useful in the characterization
of the bacterial cell, spore and intracellular metabolite as distinct spec-
tral signatures in the THz spectra. Differences in THz optical constants
enable the differentiation between bacterial species, [10,13,42,79].
Despite this, few work has been done on bacteria in THz spectral
region, [10,13,42,79,80].
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Here, we reported the first, to our knowledge, THz characterization
of optical properties for the cyanobacterium CCMEE 057 exposed to
various X-rays doses. As expected, we observed predominantly the spec-
tral contribution due to the bacterial cell wall. The second derivative
analysis ensured the identification of characteristic absorption features
of bacterial cell constituents: sugar unit, clearly observed around 1.76
and 1.92 THz, and common absorption features attributable to amino
acids made up the peptidoglycan units. No significant frequency shifts,
that could indicate a potential biomolecula damage induced by ionizing
radiation, are observed between the various samples.

All this is reflected in refractive indices. We extrapolated the re-
fractive indices of dried CCMEE 057 cyanobacterium obtained from
the Bruggeman model exposed to increasing X-rays doses. Their values
are around to 1.15, without significative differences. These results can
be considered as a first starting point to evaluate the potentiality in
the use of THz spectroscopy for the monitoring of pathogens pres-
ence, including bacteria. The extrapolated THz optical properties of
cyanobacterial cells exposed to increasing doses of X-ray radiations are
in accordance with the results achieved to Raman and FT-IR spectro-
scopies, which demonstrate that X-rays radiation, also at high doses,
did not structurally damaged the membrane, in accordance with the
results of Baque et al. 2018 and 2020 Verseux et al. 2017, [6,8,17].
However, other steps are needed before such a technique is established
as a predictor of a biological detector, especially in this case where
the biological target is continuous exposure at ionizing radiation. In
fact, our results pertain strictly to dried cyanobacteria much time after
the radiative insult. During this temporal interval, the pathological
agents may repair the induced damage, [81]. In fact, it is known
that for several hours after irradiation cellular organisms try to repair
radiation-induced damage and any damage fraction is eliminated in
the sample preparation. Therefore, future measurements should be
performed using all exposed populations and at different times after
exposure, in order to evaluate the evolution over time and to have
similar conditions of space explorations.

It is worth noticing that Chroococcidiopsis has an innate resistance
towards dehydration, thanks to anhydrobiosis it is able to enter a
dormant phase and produce high quantities of compatible solutes,
as trehalose and sucrose, which protect the hydration layers around
strategic molecules, as proteins, preserving their 3D structure and
their functionality, [8,47,82–84]. Indeed, Baque et al. 2020 [8] and
Verseux et al. 2017 [6] propose anhydrobiosis as the probable reason
for the great resistance of Chroococcidiopsis against radiations; indeed,
they show that dry CCMEE 057 irradiated with over 100 kGy of 𝛾-
rays kept showing highly recognizable carotenoid biosignature even
though clonogenicity was totally lost, demonstrating that anhydrobiosis
could actively help preserving molecular structures and the relative
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biosignature. In addition to this, the lack of water and the high con-
centration of carotenoids and pigments in CCMEE 057 reduce the
formation of Reactive Oxygen Species (ROS), which cause the great
majority of radio-induced damages, further, protecting the molecular
structure, [76].

These phenomena may be the basis of the great radio-resistance
of the biosignatures of CCMEE 057 shown by the three spectroscopic
analyses of this study. Indeed, the samples were irradiated in a dry state
and kept dry for four years before these spectroscopic analyses and,
yet, none of them highlighted any relevant modification of the spectra
correlated to the X-ray irradiation, demonstrating that the molecular
structure of CCMEE 057 was not damaged by the radiative insult and
the dry period, resulting in the preservation of all biosignatures well
detectable with Raman, FT-IR and THz-TDs spectroscopy. To conclude,
these results demonstrate that FT-IR and THz-TDs are complementary
techniques to Raman spectroscopy enlarging the comprehension of
the analyzed systems and opening the way for future studies and
technological improvements for space missions searching life-traces on
other planets and moons.
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