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In the framework of the Artemis mission a range of biological experiments on the lunar surface are
foreseen, e.g., the lunar environment biology campaign, to study the impact of realistic space
environment (low gravity, temperate, vacuum) on model organisms. To study these biological
systems, their growth, survival, and decay, we propose to employ laser-based mass spectrometry
to investigate the chemicals involved in the metabolism, organic molecules related to living matter,
and specific biological compounds, of the organisms used in these studies in detail, and ideally in
real-time.

Introduction

In the framework of the Artemis mission a range of biological experiments on the lunar surface are
foreseen, e.g., the lunar environment biology campaign [1], which will allow to study the impact
of realistic space environment (low gravity, temperate, vacuum) on e.g., model organisms. A large
group of the necessary analytics to characterize biological systems is the detailed investigation of
the chemistry, and the chemical processes, in these biological samples. The chemicals involved in
the metabolism, organic molecules related to living matter, and specific biological compounds, of
the organisms used in these studies have to be investigated and characterized at the molecular level
in great detail, and ideally in real-time. Also for the search for signatures of life on the surface of
Europa identification and chemical analysis of biological relevant molecules is necessary [21]. In
the laboratory, the analytical techniques of choice for such investigations are typically gas-chroma-
tography mass spectrometry (GC-MS), liquid chromatography (LC, LC-MS), high-performance
liquid chromatography (HPLC, HPLC-MS), which are large and complex instruments, therefore
not very suitable in the context for space exploration where resources are very limited, and the
instrumentation should not be complex.

In recent years, laser-based mass spectrometry
for space exploration advanced significantly to
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isotopes) on planetary bodies [2]. Detailed information about the design and principles of operation
can be found in previous publications [see e.g., 7, 8, 9, 10, 11, 6, 12, 13, 14]. 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 Fig. 1. The LIMS system consists of a
miniature reflectron-type time-of-flight mass spectrometer (RTOF, analyzer with geometrical
dimensions of 160 mm x @ 60 mm, installed within vacuum chamber with typical base pressure of
mid 10~® mbar) which is coupled to a laser system for removal and ionization of sample material.
The laser beam is guided through the mass analyzer towards the sample surface and focused to
small spot sizes. The present performance of LIMS provides a mass resolution m/Am of up to about
1100, full mass spectrometric analysis over a wide mass range of 1 — 1000 u, an accuracy of the
mass scale of 500 ppm, and a dynamic range of 8 decades. The mass range of a TOF instrument is
theoretically unlimited, but practically limited by the data acquisition time and the memory size.
However, there are no system level constraints for the mass range, such as RF amplitude and
frequency (quadrupoles and quistors) or magnetic field strength (sector instruments).

Operating LIMS in desorption mode (with low laser intensities) allows for the gentle desorption of
chemical compounds, which is used for the detection of molecules and biomolecules present on
the investigated surface [1, 15]. Low laser irradiances on the sample cause the desorption of neutral
and ionized molecules and volatile atoms of the sample [16]. The positive ions generated during
the laser desorption and ionization process immediately enter the mass analyzer to maximize the
detection efficiency. The ions are accelerated, confined, and focused to the field-free drift path. At
the ion mirror (reflectron), the ions are reflected towards the detector system and pass the drift path
a second time. 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 about 30 um diameter. TOF
spectra are recorded with a high-speed digitizer system, 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. The sample holder is positioned directly below the mass analyzer on a three-dimensional
translation stage with micrometer position accuracy.

Molecular and biomolecular samples are prepared in solutions at nM to uM levels that are drop-
casted into small cavities of the sample holder at about pL volumes [17]. After evaporation of the
solvent, the samples are introduced into the vacuum system for analysis with the LIMS instrument.
LIMS measurements provide full mass spectrometric analysis over a mass range of 1 — 1000 u, all
within seconds, enabling detection of biomolecules at surface concentrations down to fmol mm~2.

In flight, these biomolecule extracts would be provided directly from a sample biological system
(e.g., 2-D cultures, 3-D cultures, Tissue-on-a-Chip, and multi-physiological systems) or from a
dedicated solvent extraction instrument to provide concentrated extractions, e.g., lipids, from the
various biological experiments. For example, ExXCALiBR [19] performs solvent extraction of target
lipids (fatty acids, alkanes, and polycyclic aromatic hydrocarbons) and purification from a soil
sample for subsequent molecular characterization by analytical instruments, from e.g., experiments
performed on lunar regolith.

Examples of bio-relevant molecules detected with LIMS

In the context of biology, the mass spectrometric detection and characterization of a range of
organic molecules, amino acids, lipids (fatty acids, vitamins, sterols, glycerides, phospholipids, and
others), and more, will allow us to investigate the state of the organisms of the biological
experiments on the lunar surface [20]. With LIMS, such compounds can be investigated from



extracts produced from organic matter, or
directly from biofilms on the test surfaces
of the biological experiments. Moreover,
compounds resulting from the metabolic
process, chemicals from the environment
that have adverse effects (biocide) on the
growth of microorganisms can be easily
detected with LIMS. In the following we
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give a few examples of the detection of

. Fig. 2: LIMS mass spectra in desorption mode of various
complex biomolecules.

biotic (red) and abiotic (green) amino acids, and of a
mixture of NaCl / KCl salt (blue) [15]. The average surface
concentration is 14 pmol mm for the pure amino acids, and
~0.7 ng mm2 for the mixture with NaCl / KCl salt. The
primary fragments are labelled with their mass.

Fig. 2 shows LIMS measurements in
desorption mode of biotic and abiotic
amino acids [15]. For example, one
requirement in the Europa Lander Science
Definition report [21] for the detection of signatures of life is the identification 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 (-Ala and Iva were not
included in our study). The mass spectra of the amino acids are simple to interpret, they show the
parent mass peak and a few high-mass fragment peaks. This unique and simple pattern identified
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 with certainty. This also allows to distinguish
between proteinogenic amino acids and abiotic amino acids, the latter possibly originating from
meteoritic infall onto the lunar surface, considering that chondritic meteorites contribute about 2
wt% of material to the lunar regolith [22, 23]. With our LIMS instrument operating in desorption
mode we established the 3o limits of detection (LOD3,) for amino acids, which are at a surface
concentration between 1 and 600 fmol mm™, depending on the amino acid [15]. Moreover, these
amino acids were also detected in the presence of NaCl and KCL salts in the sample, as shown in
Fig. 2 [15]. A mixture of 12 amino acids was successfully analyzed with a LISM instrument using
an orbitrap mass analyzer at surface concentrations of about 1 pmol/mm? [28].

Lipids are important biomolecules [25], their

functions include storing energy, signaling,
and acting as structural components of cell
membranes. Lipids are known to be affected
by UV and particle radiation, resulting e.g.
oxidation, possibly resulting in cell death.

Fig. 3 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 lipids, vitamin K; and a-tocopherol (see
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Fig. 3: Mass spectra of two lipids recorded using our
LIMS system operated in desorption mode [26]. The top
panel shows Phylloquinone (vitamin Ki) and the bottom

panel shows A-tocopherol (vitamin E).



the contribution of sample holder = e
contamination. Several other lipids sf e ‘7 | o, L |
were successfully detected with our
LIMS instrument in desorption mode
as well [26], which were menadione
(vitamin K3), retinol (vitamin Al),
cholecalciferol (vitamin D3), and
ethinyl-estradiol. Similarly, phthalic
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Polycyclic  aromatic hydrocarbons composed of multiple aromatic rings. LIMS mass spectra
(PAH) are complex chemical  recorded in desorption mode of four PAH species [17]. From
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hydrogen that are organized in perylene (g.reen), pyrene (orange), and anthracene (r?d). A
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nature, PAHs can be formed from spectra have been normalized to the highest peak for the
organic sediments, but PAHs are also respective PAH and have been offset from each other. The
part of chondritic meteorites [27], and chemical structure of the PAHs is shown on the right side.

are a prominent component in inter-

and circumstellar material. Fig. 4 shows several measurements of PAHs recorded with our LIMS
instrument [17], as an example of large organic molecules, where again the mass spectra of these
PAHs are simple to interpret, they show mostly the parent mass peak and a few high-mass fragment
peaks. Although PAHs are not synthesized directly by biological processes but are degraded by
certain types of bacteria, PAHs are also of interest, because of their potential role in the emergence
of life and their abundance in the interstellar medium. Similar results on pyrene have been obtained
with a laser-desorption laser-ionization mass spectrometer [6].

Conclusion

Modern LIMS instruments, which couple pulsed lasers with time-of-flight mass spectrometers, are
highly capable, compact, and adaptable mass spectrometers for a wide range of analytical
questions. With LIMS operating in a mode optimized for the detection and characterization of
chemical compounds, we have a simple, robust, instrument for analyzing complex chemical com-
pounds to support the biological research studies foreseen on the lunar surface in the framework of
the Artemis mission [1]. LIMS could be used e.g., to directly investigate and monitor the biological
samples in long-term experiments, or in combination with other instruments for specific extracts
derived from the biological experiments, to understand the impact of the lunar environment on
biology.

In the fundamental biology research studies enabled by the Artemis III mission the identification
and characterization of underlying mechanisms affecting biological matter play an important role
in discovering the key physiological processes that are altered by the lunar environment and aid in
identifying biomarkers for diagnostics and specific targets for countermeasures, and understanding
countermeasure effects, specific and side-effects.
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