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Abstract: The detection and identification of the building blocks of life, from amino acids to more complex mol-
ecules such as certain lipids, is a crucial but highly challenging task for current and future space exploration 
missions in our Solar System. To date, Gas Chromatography Mass Spectrometry has been the main technology 
applied. Although it has shown excellent performance in laboratory research, it has not yet been able to provide 
a conclusive answer regarding the presence or absence of a signature of life, extinct or extant, in space explo-
ration. In this contribution we present the current measurement capabilities of our space prototype laser-based 
mass spectrometer for organics detection. The developed mass spectrometer currently allows the detection 
and identification of small organic molecules, such as amino acids and nucleobases, at sample concentrations 
at the level of femtomole mm-2, using the same measurement protocol. The latter is highly relevant to space 
exploration, since with the instrumentation in use so far only one class of organics can be measured with one 
instrument configuration.  
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1. Introduction
With the two Viking spacecraft that landed on Mars in the 

1970s,[1] humanity began the challenging endeavour of detecting 
and identifying signatures of life in our Solar System. The landers 
were equipped with highly sophisticated payloads at that time, 
which included Gas Chromatography Mass Spectrometric (GC-
MS) systems for molecular signature identification.[2-5] Unfortu-
nately, in situ measurements of Martian surface material using 
the Viking science instrumentation did not provide conclusive ev-
idence of the presence of life. Since then, other exploration mis-
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vestigation of laser-based mass spectrometers for the chemical 
(elements, isotopes, and molecules) analysis of samples for their 
potential application on future exploration missions.[15,16] In this 
contribution, we highlight the current measurement capabilities of 
our ORganics Information Gathering INstrument (ORIGIN),[17] 
which has been designed for in situ detection and identification 
of various groups of organics. ORIGIN is a Laser Ablation Ionisa-
tion Mass Spectrometry (LIMS) system that operates in the laser 
desorption mode to gently desorb organic molecules from sample 
surfaces. Based on the current measurement capabilities, several 
international groups have shown interest in using this technology 
on future missions, ranging from signature detection in the Venu-
sian cloud to lipids on the Martian surface. 

2. ORIGIN – Laser-based Mass Spectrometry

2.1 System Description
ORIGIN is a LIMS system operating in the laser desorption 

mode (highly reduced irradiance compared to the laser ablation 
mode) for the sensitive detection and identification of organic 
molecules. The system is described in more detail in previous 
publications,[17–19] so only a brief overview of the measurement 
principles is given here. The schematics and operating principle 
are shown in (Fig. 1). The system consists of a miniature reflec-
tion-type time-of-flight mass analyser[16] coupled to a pulsed na-
nosecond laser system (Nd:YAG, τ ~ 3 ns, λ = 266 nm, laser pulse 
repetition rate of 20 Hz, actively Q-switched). The simple beam 
delivery system placed on an optical table directs the laser pulses 
to the lens system which focuses the laser beam through the mass 

sions have been or will be launched to search for life in our Solar 
System. NASA’s Curiosity[6] and Perseverance rovers[7] are cur-
rently operating on the surface of Mars to better understand hab-
itability conditions and search for life, and are the best equipped 
rovers ever operated in space science. In addition, the Persever-
ance rover is currently collecting sample material and sealing it 
in tubes, in preparation for later collection and transfer to Earth 
for detailed laboratory analysis as part of the Mars Sample Return 
Mission.[8–9]

There are different categories into which signatures of life 
can be grouped. The Mars 2020 Science Definition Team has de-
fined six promising groups, ranging from isotope fractionation to 
macroscopic signatures visible to camera systems.[10,11] Building 
blocks of life, such as amino acids or lipids, are arguably a prom-
inent category of life signatures. Their detection could indicate 
the presence of life as we know it. Consequently, the astrobiol-
ogy community has been pushing for detection capabilities for 
these molecules on past, present, and future missions.[12,13] So far, 
GC-MS systems have been widely used in exploration missions 
because of their measurement capabilities,[14] e.g. L and D ami-
no acids can be distinguished with the appropriate GC column, 
and their excellent performance in laboratory research. However, 
since the Viking missions to Mars, the GC-MS systems have not 
provided conclusive evidence of the presence of life. As a result, 
the space science community is looking for alternative and sensi-
tive measurement technologies for future use. 

Since the beginning of 2000, the Mass Spectrometry Group 
of the Institute for Space Research and Planetary Sciences at 
the University of Bern has been working on the design and in-

Fig. 1. Operating principle and 
schematics of the ORIGIN LIMS 
setup used for organics detection 
and identification.
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mentioned gram of ice corresponds to a sample received during 
a mission on an icy moon, e.g. Europa Lander mission.[12] The 
measurements showed that each amino acid can be identified 
in the mass spectra by its simple and unique fragmentation pat-
tern induced by the laser-molecule interaction. The current setup 
does not allow differentiation between isomers, e.g. iso-leucine 
and leucine, or measurement of the enantiomeric excess (L/D). 
The top panel of Fig. 4 shows a mass spectrum of aspartic acid 
(Asp, 100 µM, in solution, 100 pmol / g ice, 14 pmol mm–2) 
measured using the typical measurement protocol. The recorded 
mass spectrum shows three distinct mass peaks of Asp, allow-
ing the amino acid to be reliably identified. When distributed 
over the 40 surface positions, variations in intensities are ob-
served, as expected, due to the inhomogeneous distribution of 
the molecule ‘film’ over the cavity. However, the ratio between 
the fragments remains almost constant (within one sigma, see 
Fig. 2 in Ligterink et. al. 2020),[17] allowing an identification by 
fragment ratio analysis, comparable to element isotope analysis. 
Consequently, this information can be used to feed a database 
that allows the simulation of amino acid patterns. The lower 
panel of Fig. 4 shows such a simulation of Asp, simulating the 
three major fragments observed for Asp. It is planned to consol-
idate the software routine (not yet finalised) for post-analysis of 
the presence and abundances of species within a more complex 
mixture by fragment ratio analysis and least- square fitting. In 
addition, the first large measurement campaign carried out on up 
to 20 amino acids using the ORIGIN setup, has shown that there 
is a linear correlation between fragment intensity and amino acid 
concentration. In Fig. 5 the linear correlation between the drop 
cast concentration and one of the major fragments (at mass m/z 
of 110) of histidine (His) is shown. This is extremely valuable 
information as it allows a rough estimation of the abundances of 
the molecules detected. It should be noted that such a correlation 
can only be derived for thin films or low concentrations of organ-
ics, as we expect to receive on e.g. Mars or the ice moons Europa 
and Enceladus.[12,13] Above a certain concentration, resulting in 
a thick layer of organics, we expect a saturation effect due to a 
maximum limit in desorbed sample material per laser shot using 
our current measurement protocol. 

analyser onto the sample surface to spot sizes of about 30 µm in 
diameter. Pulse energies in the range of about 1–5 µJ (at the sur-
face) are typically applied in mass spectrometric studies, resulting 
in laser irradiances in the order of MW/cm2. Each laser pulse gen-
tly desorbs and ionises the analyte of interest, allowing the posi-
tively charged species to enter the entrance ion optical elements 
of the mass analyser. The species are accelerated and confined 
towards the drift tube, reflected at the ion mirror towards the  
multichannel plate (MCP) detector system[20] through the drift 
tube a second time. The species arrive at the detector system se-
quentially according to their mass-to-charge ratio (Time of Flight 
(TOF) measurement principle). Read-out-electronics with a sam-
pling rate of up to 2 GS/s record the TOF spectrum (length of 20 
µs) for each laser pulse, which is then stored on the host comput-
er for post processing. Software packages written in-house are 
used for subsequent data analysis.[21] Empty TOF spectra (i.e. no 
mass peak detected above the noise floor, typically 6 sigma) are 
not considered for analysis. The sample holder is placed on an 
XYZ stage to allow for accurate positioning of the holder below 
the mass analyser aperture. Two cameras mounted orthogonally 
allow for visual feedback of the sample holder position. In Fig. 2 
the visual imaging of the sample holder together with the entrance 
ion optics of the mass analyser from one of the cameras is shown. 
The bright white spot visible below the mass analyser corresponds 
to the focus of the laser beam and the induced plasma (here laser 
ablation conditions).

2.2 Measurement Protocol
Typically, 1 µL of sample analyte is drop cast into a cavity (0.2 

mm × Ø 3 mm) of a sample holder. It is important to note that in 
contrast to MALDI no matrix is present within the cavity. Prior to 
integration into the vacuum chamber, the sample holder is placed 
on a clean bench (ISO5) where the water or other solvent contain-
ing the analyte of interest can evaporate in a clean environment. 
The sample holder with the remaining organic residue film is then 
placed in the vacuum chamber, the chamber is evacuated, and 
once a low enough pressure is reached (~ 5 × 10–7 mbar) the mass 
spectrometric measurements are initiated. Each cavity is typically 
spot-wise investigated over 40 surface positions (can be adapted 
to the scientific needs), considering the inhomogeneous distribu-
tion of the residue film (see Fig. 3). A Python control package con-
ducts the measurements autonomously according to user input.

3. Detection and Identification of Organics

3.1 Amino Acids
After the design and manufacturing phase of ORIGIN, the first 

measurements were conducted in 2019 on up to 20 biotic and abi-
otic amino acids, drop cast into cavities of a stainless steel holder 
at various concentrations (1 µl drop cast of 100–1 µM solutions, 
corresponding to 14–0.14 pmol mm–2, or 100–1 pmol  / g ice), 
mixtures thereof, and contaminated with NaCl salt.[17] The afore-

Fig. 2. In situ imaging during LIMS measurements. The bright spot below 
the mass analyser aperture corresponds to the focused laser beam.

Fig. 3. Optical microscopy image of a sample cavity containing adenine 
(1 mM concentration, in solution). Adapted from Boeren et al. ref. [19].



Analytical Innovators� CHIMIA 2025, 79, No. 1/2  73

3.2 Polycyclic Aromatic Hydrocarbons (PAHs)
So far, the measurement protocol has allowed the detection of 

Polycyclic Aromatic Hydrocarbons (PAHs),[22] which are repre-
sentative of more complex molecules, lipids,[18] and more recent-
ly, nucleobases,[19] the latter two being linked to life as we know 
it. PAHs do not have the same importance for life as amino acids 
or lipids, as they are abundant in the Interstellar Medium (ISM), 
however they could be precursor molecules important for life, see 
discussion in Kipfer et al. and references therein or Ehrenfreund 
et al.[22,24] In Fig. 6 the successful detection of four different PAHs 
(anthracene (C

14
H

10
), pyrene (C

16
H

10
), perylene (C

20
H

12
), and cor-

onene (C
24

H
12

), 100 µM in solution (100 pmol / g ice, or 14 pmol 
mm–2), measured at 4 µJ laser pulse energy) using ORIGIN and 
the identical measurement protocol as for amino acids is shown. 
In contrast to amino acids, the parent (for anthracene, perylene, 
and coronene) or protonated (pyrene) mass spectrometric peaks 
were detected directly, allowing their easy identification. Of the 
five PAHs analysed, coronene had the clearest mass spectrum by 
means of fragmentation. The robust aromatic ring structures of 
PAHs and the improved coupling with UV wavelengths clearly 
enhance the laser desorption process. For the investigated PAHs, 
limits of detection (3 sigma) of only a few tens of fmol mm–2 were 
observed, and, similar to amino acids, the abundance can be de-
rived from the detected peak signals (see Figs. 7 and 8, respective-
ly, in Kipfer et al.). 

3.3 Lipids
In Boeren et al.[18] six different lipids were studied in detail, 

including cholecalciferol, phyllo-quinone, menadione, 17α-ethy-
nylestradiol, α-tocopherol, and retinol. In Fig. 7 the mass spectra 
of α-tocopherol (430.71 g mol−1), phylloquinone (450.70 g mol−1), 
and 17α-ethynylestradiol (296.40 g mol−1) are shown (taken and 
adapted from Boeren et al.).[18] The molecules shown had a con-
centration of 400 µM (400 pmol / g ice, or 56 pmol mm–2), which 
allowed a better understanding of their detectability with ORI-
GIN. Similar to the PAH study, each lipid investigated showed its 
own unique fragmentation pattern with its parent peak and a few 
minor fragment peaks. While for 17α-ethynylestradiol and α-to-
copherol the parent peak is the most abundant signal in the record-
ed spectrum (see Fig. 7), a much lower intensity was observed for 

Fig. 6. The PAHs anthracene, pyrene, perylene and coronene (100 µM, 
in solution) were successfully detected and identified using the same 
measurement protocol as for the amino acids. Image adapted from 
Kipfer et al. ref. [22].

For space exploration missions, an instrument is typically de-
signed to detect and identify only one class of molecules, for ex-
ample amino acids. This minimises the complexity of the instru-
ment and the associated risks in manufacturing and operation, as 
well as the costs overall. The disadvantage of this approach is that 
it is pre-selective, i.e. other molecule classes may not be detected. 
This is particularly true when using the current gold standard in 
organic analytics, the GC-MS instrumentation, where the selected 
column defines which class of molecules can be detected in situ 
on the planetary object. Therefore, and after exploring the detec-
tion of amino acids in more detail, e.g. using network analysis to 
separate matrix and signal from molecules,[23] it was logical for 
our team to explore how the measurement protocol developed for 
amino acids could be applied to different and more complex or-
ganic molecules.

Fig. 5. Correlation between amino acid concentration and recorded 
fragment intensity of the amino acid histidine. Here, one of the major 
fragments of His with mass m/z of 110 was used for the correlation. 
Image taken and adapted from Ligterink et al. ref. [17].

Fig. 4. Top: measured mass spectrometric pattern of aspartic acid (Asp), 
drop cast with a concentration in solution of 100 µM. Bottom: simulated 
spectra of Asp.
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phylloquinone, having the most intense peak at [M-2]+. Concen-
tration scans conducted in the range of 7 fmol mm–2 to 28 pmol 
mm–2 on the three presented lipids, allowed the derivation of the 
theoretical limit of detection (at the 3 sigma level, LOD

3σ
). The 

LOD
3σ

 values for α-tocopherol, phylloquinone, and 17α-ethy-
nylestradiol of 34 fmol mm–2, 85 fmol mm–2, and 0.2 fmol mm–2, 
respectively, were derived from this campaign (< 100 fmol mm–2, 
710 fmol / g ice). In Boeren et al. we also demonstrated the relia-
ble detection and identification of mixtures of the three classes of 
organic molecules studied so far, namely amino acids, PAHs, and 
lipids (see Fig. 4 in said publication),[18] which represents a real 
milestone in the application of this detection technology.

3.3 Nucleobases
More recently, the identical measurement protocol was used 

for the successful detection and identification of nucleobases with 
ORIGIN, investigating single nucleobases and mixtures of several 
nucleobases, at various concentrations.[19] In Fig. 8, laser desorp-
tion mass spectra of adenine (135.1 g mol–1), guanine (151.1 g 
mol–1), uracil (112.1 g mol–1), thymine (126.1 g mol–1), cytosine 
(111.1 g mol–1), and 5-methylcytosine hydrochloride (161.6 g  
mol–1) are shown. Minimal fragmentation can be observed and in 
almost all cases the parent or protonated parent peak was detected. 
The more stable aromatic ring structure of the studied compounds, 
in comparison to a typical amino acid, is one reason why a lim-
ited fragmentation is observed. Interestingly, significantly more 
signal, thus better ionisation was observed for 5-methylcytosine 
than for cytosine, despite the difference of only one methyl group. 

Fig. 7. Laser desorption mass spectra of a-tocopherol, phylloquinone, 
and 17a-ethynylestradiol standards are shown. The standards examined 
had a concentration of 400 µM. Image taken and adapted from Boeren 
et al. ref. [18].

This study also showed that increasing the number of sample sur-
face positions from a nominal 40 to several hundred increases the 
detection sensitivity of the instrument by a decade (see Fig. 4 in 
the same publication). For example, an LOD

3σ
 of 50 fmol mm–2 

(~ 350 fmol / g ice) was derived for adenine, which is well in line 
with the mission requirements for ExoMars with the detection of 
≤ 1 nmol with signal-to-noise ratio (SNR) ≥ 10[25] corresponding 
to 141 fmol mm–2, or the Europa Lander mission study with 1 
pmol / g ice corresponding to 141 fmol mm–2.[12] Also of note is 
the clean background compared to previous studies. The introduc-
tion of argon sputtering of the sample holder prior to drop casting 
of the analyte significantly reduced the carry-over from previous 
studies, allowing improved detection and a better understanding 
of the signatures of the molecules studied.[19] Note, argon ion sput-
tering cannot and will be not applied during a space mission; it 
allows the re-use of sample holders during laboratory tests. 

3.4 Matrix Effects and Identification Strategies
Laser desorption measurements have been conducted so 

far on organic compounds mixed with NaCl,[17] and on KCl,[17]  
(NH

4
)

2
SO

4
, MgSO

4
, and CaCO

3
.[26] Typically, only the cation of 

each matrix (e.g. Na+) was detected as the system is operated in 
the positive ion mode. These mass lines typically do not interfere 
with the mass lines for organic compound identification. A slight 
interference with Ca+ is observed with the pattern of the amino 
acid alanine (compare Fig. 1 in Ligterink et al.[17] with Fig. 4 in 
Ligterink et al.[26]). In the presence of NaCl slightly higher pulse 
energies were required to reliably detect the amino acids. The salt 
crust might reduce the desorption and ionization efficiency of the 
amino acids present in the salt/organics mixture.[17]

For the identification of molecular structures that interfere 
with each other, an increase in pulse energy might provide further 
insights into the compounds present. The increased pulse energy 
results in increased fragmentation, whereas the energy thresholds 
at which this occurs, are compound specific. As a consequence, 
the newly generated fragments might allow a better insight into 
the molecules present.   

4. Future Applications
The measurement protocol using ORIGIN is currently based 

on the availability of an organic residue film on a preferably con-
ductive surface, to support the laser desorption ionisation pro-
cess. Extraction of organics from soil or mineral matrices using 
laser ablation conditions (elevated laser irradiances at the level of 
GW/cm2 or higher) would severely fragment the organic struc-
tures and consequently limit their detection. Therefore, for the 
application of the current measurement protocol, we are either 
dependent on a solvent-based organic extraction unit or the or-
ganics are in a liquid phase, such as ice or droplets, which can 
be collected. After receiving or collecting the material, the liquid 
phase may evaporate through the application of heat and/or vac-
uum conditions, leaving a residual film of organics. Due to the 
versatile measurement capabilities and high detection sensitivity 
of our space prototype mass spectrometer for the detection of 
organics, several international partners have expressed interest 
in using the instrument on future space exploration missions tar-
geting different objects in the Solar System, including missions 
to Venus and Mars. 

We are actively participating in the Morning Star Mission pro-
gram, which aims to find signatures of life in the Venusian atmos-
phere.[27–29] The presence of life in the atmosphere, which might 
act as a life-supporting habitat, could explain some observations 
that cannot be explained otherwise. The middle and lower cloud 
deck, at about 50 to 60 km above the surface, has milder temper-
ature conditions of about 60°C and about 1 bar of pressure com-
pared to the harsh environment at the surface (hundreds of Celsius 
and tens of bars).[28] The current mission scenario foresees using 
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5. Conclusions
The detection and identification of signatures of life, past or 

present, on a planetary body is one of the major goals of current 
space research and planetary exploration. A conclusive detection 
of signatures of life would have a tremendous impact on science 
and the general public, as we would know for the first time that life 
is not unique to Earth. In this contribution, we have demonstrat-
ed the current measurement capabilities of our space prototype 
mass spectrometry system ORIGIN – a laser-based ionisation 
mass spectrometer operated in the desorption mode. The system 
has recently been developed for the detection and identification 
of organics related to life. To date, the gentle desorption with-
out matrix application allows the identification of amino acids, 
PAHs, lipids, and nucleobases using the same measurement pro-
tocol. The measurement methodology is based on the spot-wise 
chemical analysis of a residual organic film and the acquisition 
of mass spectra for each laser shot applied. Through molecule 
specific fragments or the detection of the parent peak, reliable 
identification of the organic species is possible, even within a 
mixture. The current measurement versatility, together with the 
high detection sensitivity, allows the payload requirements to be 
met, for example for a landed mission on Europa or Enceladus. 
The system can therefore be of real added value for future space 
exploration missions dedicated to the detection of life.
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a flight version of ORIGIN, where droplets will be collected in 
the wet atmosphere using a sampling system to be designed. Sub-
sequently, the media in which the organics are expected, mainly 
sulfuric acid, will be removed by thermal heating and application 
of vacuum conditions (vacuum desiccation). The remaining film 
with possible organic material will then be analysed by ORIGIN 
using the measurement protocol described above.  

Because of its history, Mars is one of the most promising 
candidates in our Solar System that still might host life or con-
tains signatures of past life in the Martian subsurface. Togeth-
er with colleagues from NASA Ames Research Center, we are 
working on the Abzu lander mission to Mars, that focuses on the 
detection of lipid signatures. NASA Ames has developed and 
further validated an extraction unit, named Extractor for Chemi-
cal Analysis of Lipid Biomarkers in Regolith (ExCALiBR).[30,31] 
ExCALiBR accepts soil material and by solvent extraction pro-
vides a concentrated lipid extract. In Abzu,[30] both ExCALiBR 
and ORIGIN are integrated into a sample carousel containing a 
number of sample cavities. The extract from ExCALiBR is drop 
cast onto a sample cavity within the sample carousel, which is 
then evacuated to rough vacuum conditions. The rough vacuum 
conditions allow the used solvents to be removed, and turning 
the sample cavity towards ORIGIN allows the extract to be an-
alysed.

The icy moons Europa and Enceladus, moons of Jupiter 
and Saturn respectively, are other promising candidates in our 
Solar System[32] where ORIGIN could find its application. The 
current scientific community strongly believes that the liquid 
oceans represent habitats where life could have flourished and 
been sustained. Through cracks in the ice sheets, existing life 
or its signatures can escape from the oceans[33] and form de-
posits on the ice crust, which can be studied much more easily 
with a landed mission than directly in the ocean. The Europa 
Lander Study Report[12] and the Enceladus Orbilander Mission 
Concept[13] outline the mission objectives and for example, the 
required detection sensitivity of future payloads for the detection 
of organics. The current measurement capabilities of ORIGIN 
meet several mission requirements, such as detection limits or 
the detection of different molecule classes or molecules of such 
a class.[12,17]

Fig. 8. Laser desorption 
mass spectra of adenine 
(A), guanine (G), uracil (U), 
thymine (T), cytosine (C), and 
5-methylcytosine (mC) using 
ORIGIN. Concentrations: 5 pmol 
mm-2 for A, 14 pmol mm-2 for G, 
C, and mC, 707 pmol mm-2 for U, 
and 141 pmol mm-2 for T. Image 
adapted from Boeren et al.  
ref. [19].



76  CHIMIA 2025, 79, No. 1/2� Analytical Innovators

[1] G. A. Soffen, C. W. Snyder, Science 1976, 193, 759,  
https://doi.org/10.1126/science.193.4255.759

[2] 	 V. I. Oyama, B. J. Berdahl, G. C. Carle, M. E. Lehwalt, H. S. Ginoza, Origins 
Life 1976, 7, 313, https://doi.org/10.1007/BF00926949.

[3]	 V. I. Oyama, Icarus 1972, 16, 167,  
https://doi.org/10.1016/0019-1035(72)90144-3.

[4] 	 G. V. Levin, P. A. Straat, Biosystems 1977, 9, 165,  
https://doi.org/10.1016/0303-2647(77)90026-0.

[5]	 N. H. Horowitz, J. S. Hubbard, G. L. Hobby, Icarus 1972, 16, 147,  
https://doi.org/10.1016/0019-1035(72)90142-X.

[6]	 J. P. Grotzinger, J. Crisp, A. R. Vasavada, R. C. Anderson, C. J. Baker, R. 
Barry, D. F. Blake, P. Conrad, K. S. Edgett, B. Ferdowski, R. Gellert, J. 
B. Gilbert, M. Golombek, J. Gómez-Elvira, D. M. Hassler, L. Jandura, M. 
Litvak, P. Mahaffy, J. Maki, M. Meyer, M. C. Malin, I. Mitrofanov, J. J. 
Simmonds, D. Vaniman, R. V. Welch, R. C. Wiens, Space Sci. Rev. 2012, 
170, 5, https://doi.org/10.1007/s11214-012-9892-2.

[7]	 K. A. Farley, K. H. Williford, K. M. Stack, R. Bhartia, A. Chen, M. de la 
Torre, K. Hand, Y. Goreva, C. D. K. Herd, R. Hueso, Y. Liu, J. N. Maki, 
G. Martinez, R. C. Moeller, A. Nelessen, C. E. Newman, D. Nunes, A. 
Ponce, N. Spanovich, P. A. Willis, L. W. Beegle, J. F. Bell, A. J. Brown, 
S.-E. Hamran, J. A. Hurowitz, S. Maurice, D. A. Paige, J. A. Rodriguez-
Manfredi, M. Schulte, R. C. Wiens, Space Sci. Rev. 2020, 216, 142,  
https://doi.org/10.1007/s11214-020-00762-y.

[8] 	 B. K. Muirhead, A. Nicholas, J. Umland, IEEE Aerospace Conf. 2020, p. 1, 
https://doi.org/10.1109/AERO47225.2020.9172609.

[9]	 G. Kminek, M. A. Meyer, D. W. Beaty, B. L. Carrier, T. Haltigin, L. E. Hays, 
Astrobio. 2021, 22, S, https://doi.org/10.1089/ast.2021.0198.

[10] 	J. F. Mustard, M. Adler, A. Allwood, D. S. Bass, D. W. Beaty, J. F. Bell III, 
W. B. Brinckerhoff, M. Carr, D. J. Des Marais, B. Drake, K. S. Edgett, J. 
Eigenbrode, L. T. Elkins-Tanton, J. A. Grant, S. M. Milkovich, D. Ming, 
C. Moore, S. Murchie, T. C. Onstott, S. W. Ruff, M. A. Sephton, A. Steele, 
A. Treiman, 2013, Report of the Mars 2020 Science Definition Team, 154 
pp., posted July, 2013, by the Mars Exploration Program Analysis Group 
(MEPAG) at http://mepag.jpl.nasa.gov/reports/MEP/Mars_2020_SDT_
Report_Final.pdf.

[11]	 L. E. Hays, H. V. Graham, D. J. D. Marais, E. M. Hausrath, B. Horgan, T. 
M. McCollom, M. N. Parenteau, S. L. Potter-McIntyre, A. J. Williams, K. L. 
Lynch, Astrobiology 2017, 17, 363, https://doi.org/10.1089/ast.2016.1627.

[12]	 K. P. Hand, A. E. Murray, J. B. Garvin, W. B. Brinckerhoff, B. C. Christiner, 
K. S. Edgett, B. L. Ehlmann, C. R. German, A. G. Hays, T. M. Hoehler, S. M. 
Horst, J. I. Lunine, K. H. Nealson, C. Paranicas, B. E. Schmidt, D. E. Smith, 
A. R. Rhoden, M. J. Russel, A. S. Templeton, P. A. Willis, R. A. Yingst, C. 
B. Phillips, M. L. Cble, K. L. Craft, A. E. Hofmann, T. A. Nordheim, R. P. 
Pappalardo, and the Project Engineering Team (2017): Report of the Europa 
Lander Science Definition Team. Posted February, 2017. 

[13]	 S. M. MacKenzie, M. Neveu, A. F. Davila, J. I. Lunine, K. L. Craft, M. 
L. Cable, C. M. Phillips-Lander, J. D. Hofgartner, J. L. Eigenbrode, J. H. 
Waite, C. R. Glein, R. Gold, P. J. Greenauer, K. Kirby, C. Bradburne, S. 
P. Kounaves, M. J. Malaska, F. Postberg, G. W. Patterson, C. Porco, J. I. 
Núñez, C. German, J. A. Huber, C. P. McKay, J.-P. de Vera, J. R. Brucato, L. 
J. Spilker, Planet. Sci. J. 2021, 2, 77, https://doi.org/10.3847/PSJ/abe4da.

[14]	 P. R. Mahaffy, C. R. Webster, M. Cabane, P. G. Conrad, P. Coll, S. K. Atreya, 
R. Arvey, M. Barciniak, M. Benna, L. Bleacher, W. B. Brinckerhoff, J. L. 
Eigenbrode, D. Carignan, M. Cascia, R. A. Chalmers, J. P. Dworkin, T. 
Errigo, P. Everson, H. Franz, R. Farley, S. Feng, G. Frazier, C. Freissinet, 
D. P. Glavin, D. N. Harpold, D. Hawk, V. Holmes, C. S. Johnson, A. Jones, 
P. Jordan, J. Kellogg, J. Lewis, E. Lyness, C. A. Malespin, D. K. Martin, 
J. Maurer, A. C. McAdam, D. McLennan, T. J. Nolan, M. Noriega, A. 
A. Pavlov, B. Prats, E. Raaen, O. Sheinman, D. Sheppard, J. Smith, J. C. 
Stern, F. Tan, M. Trainer, D. W. Ming, R. V. Morris, J. Jones, C. Gundersen, 
A. Steele, J. Wray, O. Botta, L. A. Leshin, T. Owen, S. Battel, B. M. 
Jakosky, H. Manning, S. Squyres, R. Navarro-González, C. P. McKay, F. 
Raulin, R. Sternberg, A. Buch, P. Sorensen, R. Kline-Schoder, D. Coscia, 
C. Szopa, S. Teinturier, C. Baffes, J. Feldman, G. Flesch, S. Forouhar, R. 
Garcia, D. Keymeulen, S. Woodward, B. P. Block, K. Arnett, R. Miller, 
C. Edmonson, S. Gorevan, E. Mumm, Space Sci. Rev. 2012, 170, 401,  
https://doi.org/10.1007/s11214-012-9879-z.

[15]	 U. Rohner, J. A. Whitby, P. Wurz, Meas. Sci. Technol. 2003, 14, 2159,  
https://doi.org/10.1088/0957-0233/14/12/017.

[16]	 A. Riedo, A. Bieler, M. Neuland, M. Tulej, P. Wurz, J. Mass Spectrom 2013, 
48, 1, https://doi.org/10.1002/jms.3104.

[17]	 N. F. W. Ligterink, V. Grimaudo, P. Moreno-Garcia, R. Lukmanov, M. Tulej, 
I. Leya, R. Lindner, P. Wurz, C. S. Cockell, P. Ehrenfreund, A. Riedo, Sci. 
Rep. 2020, 10, 9641, https://doi.org/10.1038/s41598-020-66240-1.

[18]	 N. J. Boeren, S. Gruchola, C. P. de Koning, P. Keresztes Schmidt, K. A. 
Kipfer, N. F. W. Ligterink, M. Tulej, P. Wurz, A. Riedo, Planet. Sci. J. 2022, 
3, 241, https://doi.org/10.3847/PSJ/ac94bf.

[19]	 N. J. Boeren, P. Keresztes Schmidt, M. Tulej, P. Wurz, A. Riedo, Planet. Sci. 
J. 2024, (in press), https://doi.org/10.3847/PSJ/ad9de9.

[20]	 A. Riedo, M. Tulej, U. Rohner, P. Wurz, Rev. Sci. Instrum. 2017, 88, 045114, 
https://doi.org/10.1063/1.4981813.

[21] 	S. Meyer, A. Riedo, M. B. Neuland, M. Tulej, P. Wurz, J. Mass Spectrom. 
2017, 52, 580, https://doi.org/10.1002/jms.3964.

[22]	 K. A. Kipfer, N. F. W. Ligterink, J. Bouwman, L. Schwander, V. 
Grimaudo, C. P. de Koning, N. J. Boeren, P. Keresztes Schmidt, R. 
Lukmanov, M. Tulej, P. Wurz, A. Riedo, Planet. Sci. J. 2022, 3, 43,  
https://doi.org/10.3847/PSJ/ac4e15.

[23]	 L. Schwander, N. F. W. Ligterink, K. A. Kipfer, R. A. Lukmanov, V. 
Grimaudo, M. Tulej, C. P. de Koning, P. Keresztes Schmidt, S. Gruchola, N. 
J. Boeren, P. Ehrenfreund, P. Wurz, A. Riedo, Front. Astron. Space Sci. 2022, 
9, https://doi.org/10.3389/fspas.2022.909193.

[24]	 P. Ehrenfreund, S. Rasmussen, J. Cleaves, L. Chen, Astrobiology 2006, 6, 
490, https://doi.org/10.1089/ast.2006.6.490.

[25]	 F. Goesmann, W. B. Brinckerhoff, F. Raulin, W. Goetz, R. M. Danell, S. A. 
Getty, S. Siljeström, H. Mißbach, H. Steininger, R. D. Arevalo, A. Buch, 
C. Freissinet, A. Grubisic, U. J. Meierhenrich, V. T. Pinnick, F. Stalport, C. 
Szopa, J. L. Vago, R. Lindner, M. D. Schulte, J. R. Brucato, D. P. Glavin, 
N. Grand, X. Li, F. H. W. van Amerom, Astrobiology 2017, 17, 655,  
https://doi.org/10.1089/ast.2016.1551.

[26]	 N. F. W. Ligterink, K. A. Kipfer, S. Gruchola, N. J. Boeren, P. Keresztes 
Schmidt, C. P. de Koning, M. Tulej, P. Wurz, A. Riedo, Aerospace 2022, 9, 
312, https://doi.org/10.3390/aerospace9060312.

[27] 	S. Seager, J. J. Petkowski, C. E. Carr, D. Grinspoon, B. Ehlmann, S. J. 
Saikia, R. Agrawal, W. Buchanan, M. U. Weber, R. French, P. Klupar, S. P. 
Worden, ‘Venus Life Finder Mission Study ’, a. e-prints, 2021.

[28]	 S. Seager, J. J. Petkowski, C. E. Carr, D. H. Grinspoon, B. L. Ehlmann, 
S. J. Saikia, R. Agrawal, W. P. Buchanan, M. U. Weber, R. French, 
P. Klupar, S. P. Worden, D. Baumgardner, Aerospace 2022, 9, 385,  
https://doi.org/10.3390/aerospace9070385.

[29]	 D. Duzdevich, J. J. Petkowski, W. Bains, H. J. Cleaves, C. E. Carr, E. I. 
Borowska, A. Azua-Bustos, M. L. Cable, G. E. Dorrington, D. H. Grinspoon, 
N. F. W. Ligterink, A. Riedo, P. Wurz, S. Seager, Aerospace 2022, 9, 597, 
https://doi.org/10.3390/aerospace9100597.

[30] 	M. B. Wilhelm, A. Ricco, D. Oehler, D. Buckner, A. Rodriguez, P. Mahaffy, 
J. Eigenbrode, M. Ditzler, J. G. Blank, M. Nuevo, P. Sobron, E. Eshelman, 
A. Nawaz, A. Southard, R. H. Williams, G. Komatsu, P. M. Furlong, T. 
Smith, T. Fong, J. Koehne, L. Jahnke, D. D. Marais, M. Chin, T. Boone, T. 
Chinn, K. Sridhar, T. McClure, T. Hoac, M. J. Anderson, L. Radosevich, A. 
Rademacher, L. Friend, S. Baird, T. Evans, J. Bookbinder, M. Bicay, Bull. 
AAS 2021, 53, https://doi.org/10.3847/25c2cfeb.10b58580.

[31]	 D. K. Buckner, M. J. Anderson, S. Wisnosky, W. Alvarado, M. Nuevo, A. 
J. Williams, A. J. Ricco, Anamika, S. Debic, L. Friend, T. Hoac, L. Jahnke, 
L. Radosevich, R. Williams, M. B. Wilhelm, Astrobiology 2023, 24, 1,  
https://doi.org/10.1089/ast.2023.0012.

[32]	 J. I. Lunine, Acta Astronaut. 2017, 131, 123,  
https://doi.org/https://doi.org/10.1016/j.actaastro.2016.11.017.

[33] 	K. Bywaters, C. R. Stoker, N. Batista Do Nascimento, L. Lemke, Life 2020, 
10, 40, https://doi.org/10.3390/life10040040.

License and Terms
This is an Open Access article under the 
terms of the Creative Commons Attribution 
License CC BY 4.0. The material may not 
be used for commercial purposes.

The license is subject to the CHIMIA terms and conditions:  
(https://chimia.ch/chimia/about).

The definitive version of this article is the electronic one that can be 
found at https://doi.org/10.2533/chimia.2025.70


