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Abstract— We present a Laser-based Mass Spectrometer
(LIMS) for the sensitive, chemical (elements, isotopes, and
molecules) analysis of matter as an analytical instrument on a
landed spacecraft on planetary surfaces for the identification of
signatures of life, extinct or extant. Qur LIMS system is
compact, features simple and robust operation, and is optimized
for the detection of signatures of life, among others. The LIMS
instrument can be part of the science payload on a rover or be
part of an instrument suite on a landed spacecraft supplied by a
common sample delivery system.

The LIMS instrument is a reflectron-type time-of-flight mass
spectrometer coupled to a pulsed laser system for the removal
of material from solid samples for mass spectrometric analysis.
Operating LIMS with high laser irradiances results in material
ablation from the surface, which is used for element and isotope
analysis. Moreover, when staying at the same spot the sequence
of mass spectra resulting from these laser pulses can be used to
derive a depth profile of the atomic composition at the sampled
location, all the way to 3D composition analysis with high spatial
resolution. Fossils embedded in a mineral host, as an example,
can then be identified by their unique chemical signature
compared to the host mineral(s), allowing us to study even single
microbes. In addition, the measurement of isotope abundances,
e.g. sulfur, provides additional information on biogenicity, the
environment, and the metabolism of the life forms.

Alternatively, operating LIMS with low laser irradiances results
in gentle desorption of chemical compounds, which is used for
the detection of molecules and biomolecules present on the
investigated surface. We obtain chemical information of
molecules present on a surface, with a sensitivity down to fmol /
978-1-6654-3760-8/22/$31.00 ©2022 IEEE

mm?, registering signals from intact complex molecules as well
as their unique and simple fragment distribution, allowing for
unambiguous chemical identification of the species. This allows
for the study of biologically relevant complex molecules extrac-
ted from a surface sample, e.g. amino acids, lipids, polycyclic
aromatic hydrocarbon, and other biomolecules with high
sensitivity.
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1. INTRODUCTION

The detection of signatures of life, past or present, on
planetary objects other than the Earth (e.g. Mars, Europa,
Enceladus, or in the clouds of Venus) is of the highest interest
in current space science. These signatures are of morpho-
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logical and chemical nature, thus, requiring a specific set of
instruments to detect them. For Solar System objects in situ
detection of chemical and morphological signatures of life on
planetary surfaces in extraterrestrial material is part of the
following missions: NASA’s Perseverance rover, which
landed on Mars in February 2021, and the ExoMars astro-
biology mission of ESA and Roscosmos, which is expected
to land in April of 2023. The Perseverance rover landed in
the Jezero Crater, in a dry lakebed, to look for signs of ancient
microbial life. Imagery recorded by Perseverance of surface
features near the landing site are indicative of ancient water
flows and a persistent lake environment [1]. Perseverance
will be able to drill, collect, and leave the packaged rock
samples on the surface, which will be collected and returned
to Earth aboard a future mission to be examined for potential
biosignatures in terrestrial laboratories. The ExoMars rover
has the scientific instrumentation to search for the existence
of past and present life on Mars. Oxia Planum was selected
as its landing site, which contains one of the largest exposures
of rocks on Mars that are around 3.9 billion years old and
contains clay-rich formations, indicating water processing
and the presence of clement conditions. There is also a
number of proposed future missions dedicated to the search
of signs of life. Possible such missions are, for example, the
Europa Lander of NASA [2], a mission to Enceladus [3], or
search for life in Venus’ clouds [4].

The most challenging technical application in chemical
analysis of rocks found on Mars is searching for signatures of
life. The SAM (Sample Analysis at Mars, an instrument
based on classical gas-chromatograph mass spectrometry [5])
measurements on the Mars Curiosity rover show that organic
matter is preserved in lacustrine mudstones at the base of the
~3.5-billion-year-old Murray formation at Pahrump Hills,
Gale crater [6]. However, the observations do not determine
the source of the organic matter, biological, geological, and
meteoritic sources are all possible. On the ExoMars rover of
ESA, to be launched in 2022, this goal will be pursued with
the MOMA instrument [7, 8], the most recent implementation
of a mass spectrometric experiment with gas-chromato-
graphy and laser desorption front-ends.

Searches for signs of extinct or extant life on a planetary body
require sensitive techniques and novel analytical approaches
capable of delivering high-quality chemical information at
the spatial scales of the expected life form. In particular for
the preparation of the ExoMars mission the conclusiveness of
various chemical signatures for the detection life has been
studied in great detail [9, 10]. Considering that life forms on
the Martian surface likely will be sparsely distributed within
the analyzed sediments (sparse life), this means one must
search for individual microbes, or perhaps small colonies
(fossils or alive), which requires spatial resolution at the few
um scale [11, 12].

Chemical analysis on the surfaces of planetary bodies is a
challenging endeavor, imposing a set of specific parameters
the onboard instrumentation must comply with. This applies
to the quality of information gathered from a wide range of

samples, the size and power consumption of the instrument,
the ability to operate mostly autonomously, and to survive the
harsh environmental conditions. Therefore, only a small
subset of analytical methods known from the laboratory
qualifies as space applicable. Here, we summarize potential
biosignatures that can be detected and characterized in situ on
a planetary surface with our integrated LIMS system (mass
spectrometer combined with a laser ion source and a
microscope).
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Figure 1: The six major groups of potential biosignatures,
and the range of their spatial extent in a sample, as
proposed by the Mars 2020 science definition team [13].
Applicability of the LIMS (ablation and desorption mode)
combined with its microscopy system in the identification
of potential biosignatures is indicated by the blue sections.

There is a wide range of biosignatures that applies to the
LIMS technology for its identification from macroscopic
scales down to the scale of individual microbes. Figure 1
summarizes the different types of potential biosignatures and
the range of their spatial extent. The subset of these
biosignatures that can be addressed by the LIMS technology
are indicated, which are the micromorphology (via the
microscopic camera systems), the molecular composition of
organic matter, and fine chemistry of element abundances,
and the isotope abundances (all via the LIMS instrument).
Furthermore, the mineralogy on a microscopic scale can
derived from the measured element abundances.

In the following we will give examples for these diverse
measurements for the detection of biosignatures using our
LIMS instrument. Naturally, detection of a single biomarker
shown in Figure 1 is not enough to claim the detection of life.
Detection of a combination of several of them, perhaps
supported by the detection of additional ones by different
instruments, if available, will make it possible to identify the
presence of life at the microbial level [13].

The value of an analytical technique for the identification of
a biosignature can be scored on the generalized hexagon of
potential biosignatures, as proposed by the Mars 2020 science
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definition team [13], see Figure 1. The binary scoring board
presents six groups of potential biosignatures and identifies
the value of applied methods. Broadly, the hexagon scheme
can be divided into two big sections which are morphological
biosignatures and chemical biosignatures. Morphological
biosignatures deal with different types of imagers that are
required for the identification of: 1) macroscopic-scale struc-
tures (such as stromatolites), and 2) imaging of microscopic-
scale structures (i.e., individual microfossils and bio-lami-
nation sites). Although the first group is primarily addressed
by cameras working in the visible range, it also includes
methods like ground penetration radar and hyperspectral
imaging.

The second large group of potential biosignatures uses the
detailed characterization of the chemistry of samples.
Naturally, the first subgroup of the chemical biosignatures
addresses the determination of mineralogical compositions.
Considering the overall diversity of minerals, this subgroup
places hard requirements on analytical methods, meaning that
the ideal method should apply to a wide range of minerals.
The second subgroup of chemical biosignatures requires the
determination of fine chemistries, i.e., rare earth element
concentrations, which are also very challenging to measure
for most analytical methods because of their low abundance
that typically lie at the ppm abundance level. The third
subgroup refers to measuring the isotope fractionation
resulting from biological metabolism of elements. Isotope
fractionation on the microscale level, if measured correctly,
can strongly indicate biological processing. However, among
the available groups of potential biosignatures, identification

of the isotope abundances on the microscale places the
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harshest requirement on measurements, because of the
required accuracies. And lastly, the fourth subgroup of
chemical biosignatures presents the importance of molecular
characterization of investigated materials.

2. THE LIMS INSTRUMENT

Laser ionization mass spectrometric (LIMS) measurements
were conducted using our prototype mass spectrometer
instrument built at the University of Bern. The system was
originally designed for the in situ chemical analysis of solids
(for elements and isotopes) on the surface of planetary bodies
[14]. For more than two decades, we designed, developed,
and operated a fully functional flight-size LIMS prototype
instrument for in situ research on planetary surfaces in our
laboratory. Detailed information about the design and the
details of operation can be found in previous publications [see
e.g., 15,16,17,18, 19, 11, 20, 21, 22]. In the following only
a brief description of measurement principles is given.

The schematics of the current measurement set-up and LIMS
principles of operation are illustrated in Figure 2. The LIMS
system consists of a miniature reflectron-type time-of-flight
mass spectrometer (RTOF, analyzer with geometrical dimen-
sions of 160 mm x @ 60 mm, installed within vacuum
chamber with typical base pressure of mid 10~ mbar), which
is coupled to a pulsed laser system for removal and ionization
of sample material. The laser beam is guided through the
center of the mass analyzer towards the sample surface and
focused to small spot sizes, with the sample being placed just
at the entrance of the ion optical system (see Figure 2). The
positive ions created by the laser pulse hitting the surface are
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Figure 2: Schematics of the laser beam guiding and subsequent mass spectrometric analysis of ablated positive ions
with LIMS. The displayed laser system provides three wavelengths (775 nm, 387 nm, and 258 nm) to be used for

ablation. See text for more details.
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accelerated into the TOF section for mass analysis. The ions
directly enter the mass analyzer, and are accelerated,
confined, and focused to the field-free drift path. At the ion
mirror (reflectron), the ions are reflected towards the detector
system by passing the drift path a second time. TOF spectra
are recorded with a high-speed measurement system (8-bit
vertical dynamics, up to 4 GS/s), and an in-house written
software-suite was used for the data analysis that includes
e.g., signal integration, conversion of TOF to mass spectrum
[23]. The sample holder is positioned below the mass
analyzer on a three-dimensional translation stage with micro-
meter position accuracy. A high-resolution microscope
camera system is installed to the mass analyzer to allow
accurate targeting of surface material. The camera system has
a spatial resolving power of 1 pm [24].

The present performance of our LIMS system provides a
mass resolution m/Am of up to about 1100, a wide mass range
of 1 — 1000 u, an accuracy of the mass scale of 500 ppm, and
a dynamic range of 8 decades. LIMS measurements provide
full mass spectrometric analysis, enabling detection of trace
elements at the ppm level down to 10 ppb depending on mass,
desorption of biomolecules at surface concentrations down to
fmol mm 2, and isotope measurements with accuracies at the
per mile level for biologically relevant isotope systems, all
within seconds.

In laser ablation mode we use a femtosecond laser system
(fundamental wavelength A = 775 nm, or the harmonics at
378 nm and 252 nm, laser pulse repetition rate of 1 kHz) and
high laser irradiances of the order of TW/cm? (corresponding
to a few 107! J/cm?). The laser beam is focused through the
mass analyzer to spot sizes of about 8§ um in diameter onto
the sample surface. With every laser pulse about 10 femto-
grams of sample material are removed, with spatial
dimensions of about 5-10 pm in lateral direction, given by
the laser spot diameter on the sample, and an ablation depth
in the nanometer range. Since we operate not far above the
threshold for material ablation, we obtain almost complete
atomization of the removed material, and homogeneous
ionization. The laser ablation mode is used for quantitative
element and isotope analysis of almost all elements. The
formation of small particles of 10 — 1000 nm during laser
ablation, as it is commonly observed in LA-ICP-MS [25], is
not observed here. Note that ablation in LA-ICP-MS
instruments operates at higher laser intensities of 10—
60 TW/cm? (corresponding to several J/cm?) and operates in
a gas atmosphere.

To increase the sensitivity and improve quantitative measure-
ments, the laser ion source can be operated in double laser
pulse mode where the initial laser pulse is divided into two
pulses with equal energy, with one laser pulse delayed with
respect to the other. The double pulse mode optimizes the ion
production by post ionization of neutrals ablated by the first
laser pulse. For single pulse operation, the ionized fraction in
the plume of ablated material is about 0.1%, for double pulse
operation the ion fraction can be increased to up to 10%. The
pulse delay for efficient post-ionization of the generated

ablation plume was found to be in the range of 20 — 30 ps.
Further details about this double pulse ion source can be
found in our previous publications [26, 27].

Operating LIMS in desorption mode, with low laser
intensities of the order of few 100 MW/cm? results in gentle
desorption of chemical compounds, which is used for the
detection of molecules and biomolecules present on the
investigated surface. Here we use a nanosecond pulsed Q-
switched Nd:YAG laser (4 = 266 nm, pulse duration ~ 3 ns,
pulse repetition rate of 20 Hz) providing a focal spot size of
30 um. Low laser irradiances on the sample cause the desorp-
tion of neutral and ionized atoms and even intact molecules
from the sample surface [28]. LIMS operation in desorption
mode has previously been described in detail in [29]. The
coupling of the laser to the mass spectrometer for LIMS in
desorption mode is similar, but slightly simpler, compared to
the operation in ablation mode. Again, the sample is placed
just at the entrance of the ion optical system. Molecular and
biomolecular samples are prepared in solutions that are drop-
casted into small cavities of the sample holder [30]. After
evaporation of the solvent, the samples are introduced into
the vacuum system for analysis with the LIMS instrument.

3. ELEMENT COMPOSITION ANALYSIS

Our LIMS instrument is built for the quantitative measure-
ment of element abundances in the sample, which has been
discussed in previous publications in detail [16, 14, 20, 30,
31, 32]. Typically, the quantification of element abundances
by our LIMS is comparable to laboratory LA-ICP-MS instru-
ments with uncertainties for the abundance quantification of
about 10%, which is reviewed in [14]. Measuring the element
composition of a sample from a planetary surface allows us
to distinguish between the host material (the inorganic
matrix) and the life matter (e.g., biomolecules, bio-organic
remains, or microbes themselves). This is true for fossils and
even more so for present life. The rough chemical composi-
tion of simple life (dry bacteria) is: H 48.7%, O 16.7%, C
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Figure 3: Identification of single-cell microbial life using
LIMS [12]. Mass spectra pointing upwards: chemical
information of sample material just above and below the
microbe. Note that both traces (solid black and dashed
orange) agree very well with each other. In red the
chemical pattern of the microbe is shown. In comparison
to the host material, elements such as C, H, N and P show
an increased abundance.
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29.9%, and N 4.7% given in atomic fractions [34]. In
addition, there are minor amounts of Ca, P, K, Na, Cl, Mg
and S present as well. The elements C, H, N, O, P, and S (re-
presented by the acronym CHNOPS) are the six key chemical
elements in biological molecules on Earth and are expected
for aqueous-based life elsewhere. As a first step in the search
for signs of life, looking e.g., for significant increases in
carbon will give a potential location of microbes in a sample,
since C is low in the typical host minerals like clay. Once a
carbon-rich location is found, the sample location is
investigated for the presence of other biologically relevant
elements, to conclusively indicate the presence of microbes.

In an earlier study Mars analogue mudstone materials were
investigated [11], where the samples were analyzed with
LIMS in ablation mode to measure the element composition
along a depth profile in nanometer steps per laser shot. Half
of these samples were artificially inoculated with microbes
with a density of about 10° cells/cm?, which is only slightly
higher than the cell density in the most arid places in the
Atacama Desert [35, 36], which is a well-known analog field
site for Mars research. Starting with the search for intense
carbon signals (a strong indicator for life, as described
above), regions in the sample that showed a high abundance
in carbon could be identified. Such locations were identified
in both sets of samples, those with and those without
microbes. However, as shown in Figure 3, only in life-
containing samples the other important elements for life, such
as H, N, P, O, and S could be identified together with the
carbon [12]. Moreover, the number of such positive detec-
tions by LIMS matched the cell density of inoculated micro-
bes, thus the detection efficiency for single microbes is about
100%. This measurement represents the first demonstration
of the detection of single-cell microbes using a potential
instrument for in situ planetary research. Also, the abundance
of these elements matched the expected atomic composition
of life, including the lower abundance of O in the microbe
compared to its abundance in the host mudstone material.

The study with the Mars analogue mudstone materials also
demonstrated that sparse life in a sample will only be detected
with instrumentation probing at the appropriate spatial scales
of the microbes [11,12]. Established laboratory
instrumentation probing at larger spatial scales, i.e.,
performing bulk analysis failed to detect these microbes
dispersed in the sample [12].

Considering sparse life and a heterogeneous distribution of
microbes in a soil sample, as expected for Mars, the 1D
analysis (i.e., the depth profile) might not be enough to locate
microbes in sufficient quantities. With LIMS, one can
analyze complete volumes by rastering the laser beam over a
sample. Each laser shot produces a mass spectrum, and these
spectra can be processed to obtain the 3D distribution of
elements in the investigated volume of the sample [37, 38].

Figure 5 shows the heterogeneous distribution of S impurities
from a 3D composition analysis of a SnAg alloy as an
example [37]. The average abundance of the S impurity over
the investigated volume (i.e., the bulk abundance) in this

Figure 5: 3D composition analysis of a SnAg alloy showing
the heterogeneous distribution of S impurities [38]. The
displayed volume is 20 pm in the x and y directions, and
the vertical depth is about 2 pm.

sample is about 0.5%. The S impurity in this sample displays
a very heterogeneous distribution, visible as local variations
in S abundance spanning orders of magnitude on spatial
scales of um. Similar results are expected for the search of
sparse life in Martian soil samples. Assuming 10° cells/mm?>
for sparse life, one would expect to detect about 1 microbe in
the sampled volume of ¥ = 10 mm?. However, one can go
much deeper with the 3D analysis by the laser [38], up to
about 50 pm, which would then give about 25 detected
microbes.

4. MULTI-DIMENSIONAL ELEMENT ANALYSIS

Moving the laser spot over the sample allows for chemical
maps of the surface, i.e., 2D chemical analysis, and doing that
repeatedly even allows for 3D chemical analysis of a sample
[14], as shown in Figure 5, which allows studying chemically
heterogeneous samples at micrometer lateral scales and
nanometer depth scales. 2D or 3D analysis can be used to
identify and analyze microscopic fossils on the surface [39]
or in the bulk [33].

Figure 4 shows optical microscopy images of the analyzed
area on the Gunflint sample, with entrapped fossils of micro-
bial life that existed almost 2 billion years ago [39, 40]. Areas
with a high density of microfossils appear dark in these
images, lighter areas are mostly the host mineral, the chert.
About six genera of microbial life can be identified in this
sample.

The chemical maps of the bio-relevant elements C, H, N, O,
P, and S recorded with LIMS in ablation mode are shown in

Figure 4: Left: Optical microscope image of the analyzed
area on the Gunflint sample. Right: Detail showing some
microbial fossils entrapped in the sample.
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Figure 6: Intensity maps of the Gunflint sample. The chemical maps of C, H, N, O, P, and S are shown. The bio-
lamination surface with organic material in the upper right corner can be seen in maps of C, H, and O.

Figure 6 in the six panels of element maps. These bio-relevant
elements clearly trace the areas of the microbial fossils, when
compared to the microscope image of the sample shown in
Figure 4. The bio-lamination surface from the aggregation of
microfossils can be identified in '2C, 'H, and 'O maps
appearing in the upper right corner of the images, as is
discussed below. The low-intensity regions in the element
maps correspond to the quartz matrix.

Having mass spectra from a 2D or 3D array of locations on
the sample makes for a large dataset with a quite complex
internal structure. Such large and complex datasets produced
by LIMS can be further analyzed using dimensionality reduc-
tion and manifold learning techniques to detect signatures of
different chemical entities in the sample, e.g. the different
minerals and microfossils [40, 41]. Using principal compo-
nent analysis (PCA), the LIMS dataset was reduced down to
the first 60 principal components by removing the empty
dimensions dominated by noise from the original dataset. The

Microfossils

Type-2

Figure 7: Left: Low dimensional structure of the imaging
data cube revealed by UMAP [40]. Triangulated mesh
represents volumetric isodensity surface of UMAP scores
calculated from the 18'000 fs-LIMS mass spectra. Right:
Spectral similarity network constructed from 1'964 LIMS
mass spectra registered from the microfossils [40]. Each
node represents a single or a group of spectra with a
significant similarity of intensity profiles. The edges
connected with nodes indicate that nodes have one or
more shared spectra. The network is colored according to
the eigenvector centrality of nodes.

Uniform Manifold Approximation and Projection (UMAP)
algorithm [42] was used to further characterize non-linear
dependencies present in the PCA reduced data matrix. The
overall classification of the UMAP scores was made using a
hierarchical density-based clustering algorithm
(HDBSCAN). Figure 7, left panel, shows the low dimen-
sional structure of the imaging data cube (originally 260-
dimensional data) of the Gunflint sample revealed by UMAP.
The point cloud data are plotted along with the isodensity
surface. The point cloud data are plotted along with the
density surface. The low-triangulated mesh represents the
volumetric isodensity surface of UMAP scores calculated
from the 18'000 LIMS mass spectra from the 2D set of
locations. Three entities are identified based on the spectral
neighborhood: the host mineral (quartz), the microfossils,
and the surface contamination.

The subset of mass spectra identified from the microfossils
were further visualized using the Mapper algorithm [43, 41]
(see Figure 7 right panel), where identification of the entities
present in this subset was conducted using a greedy
modularity optimization algorithm, i.e., the Louvain modu-
larity. Figure 7, right panel, shows the spectral similarity
network constructed from 1'964 LIMS mass spectra regis-
tered from the microfossils, where each node represents a
single or a group of mass spectra with a significant similarity
of intensity profiles. The edges connected with nodes indicate
that nodes have one or more shared mass spectra. The
network on the top (Figure 7, right panel) is colored
according to the eigenvector centrality of nodes and indicates
a presence of variability of spectral profiles within a specific
group (blue nodes indicate more central nodes in the network,
and red nodes indicate fewer central nodes). The first three
UMAP components were used as a lens (mapping space) to
project the data into a single network using the Mapper
algorithm. The proximity of nodes in the network identifies
two groups of microfossils and a transition structure between
two classes. Panel B (Figure 7, right panel) shows the
Louvain clustering of the spectral similarity network. The
blue part of the network identifies type-1 microfossils, and
the red part of the network illustrates spectra registered from
the type-2 microfossils.
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Figure 8: Different entities identified in the Gunflint
sample [40]. The orange pixels represent spectra regis-
tered from the type-1 microfossils, green pixels represent
spectra registered from the type-2 microfossils, the blue
pixels represent spectra registered from the surface con-
tamination. Black and grey pixels are spectra registered
from the quartz matrix of the Gunflint chert. Compare to
the optical microscopy image of the analyzed area shown
in Figure 4. Note the aligned distribution of classified
spectra with the bio-lamination surface crossing the
image.

With the method described above we have identified the
different entities present in the sample, i.e., the host mineral
(quartz), the two types of microfossils, and a modern organic
contamination on the surface. Since each mass spectrum is
associated with an entity, a map of the spatial distribution of
these entities can be drawn since localization of the mass
spectra on the sample surface is know from their recording.
Figure 8 shows the spatial distribution of the identified
entities from the hierarchical density-based spatial clustering
(HDBSCAN) of six UMAP components of the LIMS dataset.
Note the geometric agreement of the distribution of classified
spectra with the bio-lamination surface crossing the image
shown in Figure 4, left panel.

5. ISOTOPES AS BIO-SIGNATURES

Ratios of stable isotopes of elements that participate in the
metabolic cycle of lifeforms are often used as biosignature,
for example 3C/'2C, PN/¥N, 34S/32S, and >°Fe/**Fe. Element
isotope fractionation signatures are very robust against degra-
dation by the harsh environmental conditions, such as
temperature or irradiation, which typically prevail on and
near the surfaces of Solar System bodies. However, the mea-
surement of isotope ratios in situ on a planetary surface is
extremely challenging because of the high accuracy that is
usually required.

We determined the accuracy of isotope abundance measure-
ments of our LIMS instrument as function of the abundance
of species using NIST steel reference samples [44, 43, 14].
Because of decreasing signal-to-noise the accuracy degrades
with lower isotope abundance, but the accuracy still is

sufficient for in situ planetary research for species at the
10 ppm level. We will show two examples of isotope
measurements in the following.

Sulfur is a key element for life as we know it and there are
known types of bacteria, such as sulfur reducing bacteria, that
can metabolize sulfur with resulting isotope fractionations of
up to 3**S = —70%o. Geochemical processes are observed to
fractionate up to values of 5**S = 20%o, meaning fractionation
exceeding that value might be highly indicative for the
presence of life.

To investigate the possibility of using **S/*2S isotope ratios
as a biomarker, we studied five representative terrestrial
samples from three different field sites using our LIMS
instrument [46]. Three samples originate from the river Rio
Tinto (named RT1, RT2, RT6), Spain [47], one sample is
collected from the Movile Cave (named MC) [48, 49, 50],
and one sample is obtained from the Sulfur Cave (named SC)
[51], which are both located in Romania. These three field
sites were selected for sulfur samples because they reflect
some environmental conditions that prevailed, or may still be
prevailing, on Mars. The samples selected for this study cover
a wide range in their sulfur content, with weight fractions
from 5.7% for RT1, 14.9% for RT3, 15% for MC, 30.2% for
RT2, and 96.5% for SC. Reference measurements for the
isotope fractionation and sulfur content were performed
externally with state-of-the-art isotope mass spectrometry
[46].

Figure 9 shows our LIMS measurements in ablation mode
together with the reference values from the laboratory
instrument. The LIMS measurements, the sulfur abundance
and the 3*S/*2S isotope ratios, agree well with the reference
values measured with state-of-the-art sulfur isotope analysis
technique. The errors of the reference measurements are very
small, smaller than the symbol size used in Figure 9. The
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Figure 9: Comparison between measured values and
reference values for 5*S. Three samples are from the
river Rio Tinto, Spain (RT1, RT2, RT6), one sample is
from the Movile Cave, Romania (MC), and one sample is
from the Sulfur Cave, Romania (SC).

Authorized licensed use limited to: University Bern. Downloaded on August 30,2022 at 06:29:06 UTC from IEEE Xplore. Restrictions apply.



T T T T T T T T T T T T T
-— Bulk Silicate Earth
- i - Ni Standard
4 H-O— - Ni Standard*
0]
a - ——t < Trevorite
S
©
]
- —O— - Trevorite*
B —a— - Stromatolites
4 —0— - Filaments*
T T T T T T
8 6 4 2 0 2 4 6

3%Ni
Figure 10: Comparison of *°Ni isotope values from LIMS
measurements of this study. 3°°Ni isotope values for Ni
standard NIST SRM 986, Trevorite, Stromatolites, and
Filaments are shown [54]. The * refers to values of an
earlier study using the same LIMS instrument. The
vertical line refers to Bulk Silicate Earth [52].

obtained measurement accuracy of our LIMS instrument for
the sulfur isotopes is sufficiently high to provide valuable
information on geochemical processes or to indicate life in
case of the presence of e.g., sulfate-reducing bacteria, which
may fractionate sulfur isotopes clearly above §**S = ~20%o.
For our LIMS measurements we estimated an error of §*S
~ 2%o, and our results agree with the reference measurements
within this error. In addition to the sulfur isotopes, the LIMS
measurements simultaneously provide detailed element
composition information to study the context of mineralogy
and characterize the microbial community.

An interesting, yet challenging, goal for an isotope study was
the investigation of the “Ni/**Ni isotope abundances from
microscopic structures, possibly fossils of methanogens, in
samples that were collected from the slow-spreading Mid-
Atlantic Ridge at a depth of 27 m below the seafloor during
the Ocean Drilling Program Leg 209 [53]. Methanogenesis
(and, concomitantly, methanogens) thrived in the chemo-
synthetic dominated biosphere before the great oxidation
event, which occurred approximately 2.4-2.0 billion years
ago. An unique Ni co-factor is at the active site of essential
enzymes in multiple strains of methanogens. Fractionation of
Ni isotopes towards the enrichment of the lighter isotopes has
been shown for several studied methanogens and is assumed
to have occurred in these ancient methanogens as well. Since
the methanogens require Ni for their survival, the compo-
sition of Ni isotopes in the sample can be indicative of fossils
of that time, and perhaps of similar fossils on Mars.

Figure 10 shows several LIMS measurements in ablation
mode of the ®Ni/*®Ni isotope ratio, from the Ni standard
NIST SRM 986, the Trevorite mineral (a mineral standard),
and for the microfossils of the sample [54]. The Trevorite
mineral, a rare nickel-iron oxide mineral belonging to the
spinel group, serves as a reference sample.

Comparisons of the 3°Ni isotope measurements with the Ni
standard NIST SRM 986 and the Trevorite mineral show
sufficient accuracy in the Ni isotope measurement of about 1
per mil using our LIMS instrument (see Figure 10). Because
of the high spatial resolution of our LIMS system, we can
investigate the microscopic fossils of stromatolite and fila-
ment embedded in the aragonite veins individually. We find
that the 3°Ni isotope values show that light isotopes are
enriched in these fossilized microorganisms in basalts (see
Figure 10). In addition, we measured abundances of many
trace elements such as O, Mg, Si, Mn, Co, S, C, Fe, and Ni
providing the mineralogical context and environmental
background of the embedded fossils [55].

6. CHEMICAL BIO-SIGNATURES

If life ever existed on a planetary body organic remains will
have been left in its environment. As chemical bio-signatures,
one looks for some of the most common molecules associated
with terrestrial life. Amino acids and hydrocarbon derivatives
associated with biogenic lipids have been argued by many to
be present if life has formed elsewhere in the Solar System
[48, 49]. Thus, the mass spectrometric detection and identifi-
cation of a range of organic molecules, such as amino acids
and lipids, would be a strong biosignature. In addition, Poly-
cyclic Aromatic Hydrocarbons (PAHs) are of interest, be-
cause of their potential role in the emergence of life and their
abundance in the interstellar medium. Although PAHs are not
known to be synthesized directly by biological processes
[58], they could be precursors of molecules important for life
[59]. However, distinction from abiotic sources is important,
since several compounds of these chemical classes have been
detected in meteorites. For example, amino acids, nucleo-
bases, carboxylic acids, polyols, and hydrocarbons have been
detected in the Murchison meteorite [60, 61].

Amino acids are among the most widespread biomolecules
on Earth. Life on Earth uses 22 amino acids, while over 70
amino acids have been detected in meteorites [62, 63]. More
than 500 naturally occurring amino acids are known [64]. The
amino acids used by life on Earth constitute monomer units
of polypeptides, including proteins. The processes that
govern the production of amino acids, and the resulting
pattern in the distribution of those amino acids, differ
markedly between biological and abiotic systems [65].
Abiotically produced amino acids have abundance distri-
butions driven by thermodynamics and kinetics [66], which
contrasts with biotic amino acid distributions that are driven
by functionality.

Since abiotic processes can yield a diverse inventory of
organic compounds as well, including many species that are
utilized in the biochemistry of Earth’s life, one has to measure
the abundances of the different amino acids in the sample to
decide between a biotic and an abiotic origin. With a mass
range from 1 — 1000 u, LIMS can capture a wide range of
molecular structures diagnostic of biotic or abiotic origin,
either individually or in their broad distribution. These
include amino acids, lipids (fatty acids, prenols), sugars,
nucleobases, PAHs and related structures, and potential
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Figure 11: LIMS mass spectra in desorption mode of various biotic (red) and abiotic (green) amino acids, and of a
mixture of NaCl / KClI salt (blue) [29]. Average surface concentration is 14 pmol mm™ for the pure amino acids, and
~0.7 pg mm2 for the mixture with NaCl / KCl salt. The primary fragments are labelled with their mass.

oligomers; as well as the myriad smaller catabolic products
resulting from metabolic processes.

To investigate the potential of LIMS in desorption mode for
the detection and identification of these molecular biosigna-
tures, samples were produced by dissolving biomolecules in
solutions at nM to uM levels, and drop-casting volumes of
one to several uL. of these solutions onto a sample holder.
After the solvent evaporated and a film of organic material
was formed, these samples were introduced into the LIMS
system for measurements. In flight, these biomolecule
extracts would be provided from a natural ice sample (e.g.,
Europa surface) or from a dedicated solvent extraction
instrument. For example, by ExCALiBR [67], which per-
forms solvent extraction of target lipids (fatty acids, alkanes,
and polycyclic aromatic hydrocarbons) and purification from
a regolith sample for molecular characterization by analytical
instruments, like LIMS.

Figure 11 shows LIMS measurements in desorption mode of
biotic and abiotic amino acids [29]. One requirement in the
Europa Lander Science Definition report [65] is the detection
of eight of the following amino acids: Ala, Asp, Glu, His,
Leu, Ser, Val, Iva, Gly, B-Ala, GABA, and AIB'. We
successfully measured ten of these amino acids with our
LIMS instrument (B-Ala and Iva were not included in the
study). The mass spectra of the amino acids are simple to
interpret, they generally show high-mass fragment peaks of
the side group or the amino acid stripped of its acid group,
and in some cases the intact parent molecule peak. This
unique pattern for each amino acid can be used to decompose
the mass spectra and identify all amino acids and their
relative abundance in a mix of amino acids.

! The used abbreviations of amino acids are: Ala: alanine, Asp: aspartic acid,
Glu: glutamic acid, His: histidine, Leu: leucine, Ser: serine, Val: valine, Iva:
Isovaline, Gly: glycine, B-Ala: B-alanine, GABA: Gamma aminobutyric

Salts are a very likely contaminant in natural samples since
they dissolve well in water, and water is the solvent for the
amino acids, either because ice samples are collected (e.g.
Europa lander) or from the extraction process. Fortunately,
the presence of NaCl or KCl salts in the sample does not
interfere with the detection of amino acids by LIMS.

With our LIMS setup operating in desorption mode we
established the 3o limits of detection (LODss) for amino
acids, which are displayed in Figure 12. We measured amino
acids down to a surface concentration between 1 and 600
fimol mm, depending on the amino acid [29]. According to
the Europa Lander Science Definition report [65], the Orga-
nic Composition Analyzer (OCA) needs to be able to detect
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Figure 12: 3¢ limits of detection (LOD3s) for amino acids
calculated from the LIMS measurement at 2.6 pJ laser
pulse energy [29]. Lower limits are given for signals that
are detected but have contributions from multiple amino
acids.

acid, and AIB: a-aminoisobutyric acid.
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organic species at 1 pmol in a 1-gram surface sample (about
1 mL of water ice). Melting a 1-gram ice sample and pro-
ducing an organic film on a surface area similar to the surface
area of the sample cavities used in this work (7.1 mm?®) results
in an average surface concentration of 146 fmol mm=, a
surface concentration easily detectable by LIMS in desorp-
tion mode. With these LODs our LIMS system is more
sensitive by 1-3 orders of magnitude, depending on amino
acid, than the LDI linear ion trap instrument with a LOD3s <
1 pmol mm2 [7], which is part of the MOMA suite on the
ExoMars rover.

All known living organisms possess lipid membranes, for
compartmentalization, protection, and selective passage of
molecules and ions. Thus, the presence of lipids is a strong
biomarker for past and present life. Moreover, different
domains of life (archaea, bacteria, eukarya) use different
types of lipid membranes [10]. Fortunately, lipids and their
fossil counterparts, i.e., hydrocarbon molecules, are very
stable over geologic time scales [10]. Figure 13 shows two
mass spectra of prenol lipids, with intensities normalized to
the most intense peak, where 200 pmol vitamin K (top) and
a-tocopherol (bottom) were drop-casted for analysis. The
most intense mass peak in the spectra was identified as the
parent peak for both vitamin K; and a-tocopherol (see labels).
The molecular structures of both lipids are shown in their
corresponding mass spectra. The grey boxes in both mass
spectra denote the contribution of sample holder conta-
mination. Several other lipids were successfully detected
with our LIMS instrument in desorption mode [68], which
were menadione (vitamin K3), retinol (vitamin Al),
cholecalciferol (vitamin D3), and ethynylestradiol.
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Figure 13: Mass spectra of two lipids recorded using our

LIMS system operated in desorption mode [68]. The top

panel shows Phylloquinone (vitamin K1) and the bottom

panel shows A-tocopherol (vitamin E).
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PAHs are compounds consisting of multiple aromatic rings
and thus are stable chemical structures. In particular large
cata-condensed PAHs (with decreased H/C ratio) are particu-
larly stable to chemical modification. Aromatic units would
therefore be robust against destruction by temperature and
radiation when incorporated in a three-dimensional macro-
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molecule. The structural similarity among the aromatic frac-
tions of the insoluble matter of carbonaceous meteorites indi-
cates that these aromatics were incorporated at an early stage
and remained stable [59]. Aromatic material in the gas phase
and in macromolecular form makes up a substantial fraction
of the carbon in the interstellar medium, in comets, as well as
in comets and meteorites. It is conceivable that these mole-
cules played an important role in the emergence of life [59].

Figure 14 shows four mass spectra of PAHs recorded with
our LIMS instrument in desorption mode [30]. The parent
mass peak is observed in the mass spectra as the largest peak
together with a few large-mass fragment peaks, which allows
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Figure 14: LIMS mass spectra recorded in desorption
mode of four PAH species [30]. From bottom to top, the
PAHs displayed are coronene (blue), perylene (green),
pyrene (orange), and anthracene (red). A concentration of
100 M has been used for all PAHs in this measurement.
Prominent peaks are indicated in the plot. The spectra
have been normalized to the highest peak for the
respective PAH and have been offset from each other. The
chemical structure of the PAHs is shown on the right side.

for good identification of these PAHs in a mixture of species,
abiotic and biotic.

Another group of molecules closely related to life comprises
the nucleobases. Nucleobases are the information-carrying
components of the polynucleotidic polymers known as DNA
and RNA, the molecules used by all terrestrial life forms to
store their hereditary information. As such, DNA and RNA
are essential to all known life forms, and, accordingly, intact
polynucleotides have a very high diagnostic power; their
detection and identification on an extraterrestrial body would
be a very strong indicator of life [9]. The main issue with
using DNA and RNA as a biosignature is their lack of
robustness, i.¢., both types of polymers would disintegrate in
several thousand years, especially under harsh (radiation)
conditions as found on, e.g., the surface of Mars [9, 10]. This
molecular frailty makes DNA and RNA as intact polymer a
low-priority biosignature, especially for extinct life. The
nucleobases themselves are much more robust molecules,
maintaining their molecular integrity on much longer time-
scales, and are much more readily detectable and identifiable
by commonly used space compatible instruments. Despite
these advantages, nucleobases alone are of limited value as
biosignatures, mainly because all nucleobases also have
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abiotic sources, and have even been shown to be produced in
space. As a result, detecting nucleobases on an extraterrestrial
body would be a relatively weak indicator of life. However,
nucleobases could still play an important role in consoli-
dating evidence for extinct or extant life, through simulta-
neous detection with multiple other biosignatures (e.g.,
lipids, amino acids, isotope fractionation). Accordingly, the
possibility to detect nucleobases should still be considered
valuable for any instrument aimed at detecting life beyond
Earth. Therefore, measurements on nucleobases using our
LIMS system operated in desorption mode are planned for
the near future.

7. SUMMARY

The detection of signatures of life, past or present, on
planetary objects other than the Earth, is of the highest
interest in current space research and is of large interest for
society in general. The biological signatures to be measured
are of morphological and chemical nature, thus, appropriate
instruments that can operate on the space platform are
required to reliably identify these biosignatures. Several
missions addressing the search for life are in the implemen-
tation phase, are in planning, are/or will be proposed in the
near future. Moreover, biological experiments are foreseen
within the activities of the Artemis mission of NASA [69].

For reliable detection of bio-signatures in situ on Solar
System objects the detection of chemical and morphological
signatures is necessary [10], and the combination of these
will allow for a robust assessment if life has been detected or
not. With the instrument developments over the past decade,
we demonstrated that with our LIMS instrument we cover the
following groups of bio-signatures (see Figure 1):

v)

ii) element distribution, in 2D and 3D, for microscopic
features in the samples

quantitative element abundance

iii) microscopic imaging for morphology
iv) biological signatures in isotope
v) complex organic molecules

Together with macroscopic imaging, this covers the full set
of biosignatures for life detection, as defined for the search
for life on Mars [13]. To add complementary measurements,
high spatial resolution Raman spectroscopy, laser-induced
breakdown spectroscopy (LIBS), or laser-induced native
fluorescence (LINF) might be considered [11].
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