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For the past fifty years of space exploration, mass spectrometry has provided unique
chemical and physical insights on the characteristics of other planetary bodies in the Solar
System. A variety of mass spectrometer types, including magnetic sector, quadrupole,
time-of-flight, and ion trap, have and will continue to deepen our understanding of the
formation and evolution of exploration targets like the surfaces and atmospheres of planets
and their moons. An important impetus for the continuing exploration of Mars, Europa,
Enceladus, Titan, and Venus involves assessing the habitability of solar system bodies and,
ultimately, the search for life—a monumental effort that can be advanced by mass
spectrometry. Modern flight-capable mass spectrometers, in combination with various
sample processing, separation, and ionization techniques enable sensitive detection of
chemical biosignatures. While our canonical knowledge of biosignatures is rooted in
Terran-based examples, agnhostic approaches in astrobiology can cast a wider net, to
search for signs of life that may not be based on Terran-like biochemistry. Here, we delve
into the search for extraterrestrial chemical and morphological biosignatures and examine
several possible approaches to agnostic life detection using mass spectrometry. We
discuss how future missions can help ensure that our search strategies are inclusive of
unfamiliar life forms.

Keywords: mass spectrometry, life detection, agnostic biosignatures, planetary exploration, astrobiology

Abbreviations: APCI, atmospheric-pressure chemical ionization; CE, capillary electrophoresis; CI, chemical ionization;
CNHOPS, carbon, nitrogen, hydrogen, oxygen, phosphorous, and sulfur; DEMS, double focusing mass spectrometer; EI,
electron impact; ESI, electrospray ionization; GC, gas chromatography; GC-MS, gas chromatography-mass spectrometers; ICP,
inductively coupled plasma; ICR, ion cyclotron resonance; ITMS, ion trap mass spectrometer; LC, liquid chromatography; LDI,
laser desorption ionization; MA, molecular assembly; MALDI, matrix-assisted laser desorption ionization; ML, machine
learning; MOMA, Mars organic molecular analyzer; MS, mass spectrometers; MSL, Mars science laboratory; NIST, national
institute of standards and technology; QMS, quadrupole mass spectrometer; SAM, sample analysis at Mars; SIMS, secondary
ion mass spectrometry; TOFMS, time-of-flight mass spectrometer.
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1 INTRODUCTION

Biosignatures are the tantalizing chemical and physical imprints
associated with life, and the possibility that life exists elsewhere
beyond Earth drives us to search for these biosignatures on other
planets and moons. The enterprise of space exploration,
galvanized by the question of “Are we alone in the Universe?”,
demands a stronger understanding of the diversity of
biosignatures that life could express, thereby driving payload
instruments on board astrobiology missions to offer broader and
more advanced detection capabilities. In tandem with cutting-
edge instrument platforms, research in data processing and data
analysis on Earth-based (Terran) astrobiology analogs and on
extraterrestrial materials also serves to increase the breadth of
interpretations possible with mission data. Thus, a robust search
for present or past life on other planetary bodies will be facilitated
by the development of analytical tools that enable the search for
multiple types of biosignatures, whether they are based on
familiar biochemistry or not.

There have been many attempts to describe life for scientific,
philosophical, or cultural purposes, though no formal definition
has been universally accepted or agreed upon. Despite this lack of
consensus, NASA has formulated an operational working
definition of life—“a self-sustaining chemical system capable of
Darwinian evolution”—to aid in the development of life detection
strategies and encourage the establishment of standards needed to
qualify a measurement as an unequivocal sign of life (Cleland and
Chyba, 2002). This definition broadly captures all biological
systems on Earth (Terran life) as well as life forms with
potentially differing underlying molecular frameworks. While
search strategies for extraterrestrial life are traditionally rooted
in our knowledge of Terran life, widely-accepted properties of life,
such as being primarily composed of carbon, nitrogen, hydrogen,
oxygen, phosphorous, and sulfur (CNHOPS) elements or being
based on informational storage or catalytic biopolymers, such as
DNA or proteins, respectively, are all attributes that directly
reflect the historical contingency of life on Earth. This
contingency is due to the fact that the evolution and selection
of biochemical regimes that pervade Terran life are inherently
tied to Earth’s geochemical, hydrological, and (eventually)
biological history, as well as the astronomical and geophysical
circumstances that led to the Earth’s formation and planetary
evolution. Yet, other life forms that originated on Earth or
elsewhere may be based on substantially different chemistries,
and it may be possible for “a self-sustaining system capable of
Darwinian evolution” to operate in an unfamiliar, exotic
biochemical system. This possibility motivates the need to
broaden our search criteria beyond biosignatures that are
fundamentally based on Terran life, and focus on those that
are universally inclusive of all life forms—thus the emerging focus
on “agnostic biosignatures.”

Claims of life detection require robust proof that meets a series
of principles that have been previously proposed by the scientific
community (Des Marais et al., 2008). More recently, Neveu et al.
(2018) formulated the Ladder of Life Detection, a tool designed to
guide life detection investigations during robotic astrobiology
space missions. This tool draws from examples of previous life
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detection experiments to provide current and future efforts with
decision rules that allow for the rejection of all abiotic
explanations, pointing to a life detection claim as a “last resort
hypothesis” (Sagan et al., 1993). Briefly, for a life detection claim
to be convincing, the measurement or sets of measurements must
be sensitive, contamination-free, and repeatable; the features
being measured must be detectable, preservable (survivable),
reliable (distinctly different from abiotic background), and
compatible with our understanding of life; ultimately, all other
abiotic hypotheses must be rejected (Neveu et al., 2018). These
criteria are often met not only with one particular analytical
instrument, but by using multiple sets of measurements deriving
from a variety of technologies that are able to provide the
contextual background information needed to assess the
biosignature’s presence and provenance as well as the
unlikelihood of its production through abiotic means alone.
This necessitates a checks-and-balances approach between
scientific measurements and instrumentation that enhances the
certainty of a potential biosignature while decreasing the
likelihood of false positive and false negative interpretations
(NAS, 2019; Neveu et al.,, 2018; Chou et al., 2021). In some
cases, statistical frameworks can also help establish the qualitative
criteria necessary to confirm a series of measurements as life,
measurements which can be evaluated using tools such as
Bayesian hypothesis testing (Johnson et al., 2018; Lorenz,
2019; Pohorille and Sokolowska, 2020).

On Earth, the detection and characterization of chemical and
morphological biosignatures have benefited from advances in
technology, including the development of analytical tools such as
mass spectrometers. Biosignatures observable through mass
spectrometry span physical scales and chemical characteristics,
including elemental distributions, molecular structures, isotopic
signature, and spatially-resolvable information via imaging. Such
a diverse toolkit has led to a number of revolutionary advances in
chemistry (and astrobiology), including the characterization of
molecular fossils to provide organic geochemists with a window
into the history of Terran life in deep time (Peters et al., 2005;
Eigenbrode, 2008). These advances have also enabled a detailed
investigation into the chemistry of biopolymers, such as proteins
(using proteomics), which are the molecular machineries that
permit life as we know it to function with enormous flexibility and
efficiency.

However, mass spectrometry investigations, especially of
novel or unknown molecules, are often limited by our capacity
to manually interpret never-before-seen data. This is because de
novo mass spectrometry interpretation (identifying chemical
structures from patterns of mass fragments) is often an
exceptionally arduous task. This process necessitates not only
contextual information (e.g., an a priori hypothesis of what
compounds to expect) and an experienced user, but also the
ultimate authentication of the identified molecular structures
with synthesized standards. While these challenges have been
somewhat alleviated by the development of high-throughput
automated pipelines for de novo metabolite identification
(Neumann and Bocker, 2010; Peironcely et al, 2013) and
peptide sequencing (Dancik et al., 1999; Frank and Pevzner,
2005; Jeong et al., 2013), these methods are often designed for
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use with high resolution mass spectrometers (such as Orbitrap
analyzers) with specific types of mass fragmentation protocol
(e.g., collision induced dissociation), and for classes of biological
molecules that are based on Terran biochemistry, such as
proteins. This can limit our ability to use Terran-based
spectral databases for life detection efforts that are focused on
agnostic biochemistry. Despite this, ongoing advances in
understanding fragmentation reactions, including in tandem
mass spectrometry (Wolf et al., 2010; Zapadinsky et al., 2019),
as well as computational methods designed to make predictions
of fragmentation patterns (Rasche et al, 2011; Hufsky and
Bocker, 2017; Dithrkop et al., 2021) continue to inform our
future in situ investigations of organic molecules, and
potentially molecular biosignatures, on other planetary bodies.

While a number of existing reviews provide a thorough
description of planetary mass spectrometry in terms of
historical instrumentation in spaceflight (Nier, 1960; Palmer
and Limero, 2001) and advanced space-capable mass analyzer
technologies (Arevalo et al., 2020), this review focuses on the
applications of planetary mass spectrometry instruments for
astrobiology investigations, and how they can enable in situ
life detection missions on other worlds. We discuss types of
Terran-based chemical biosignatures that can be analyzed by
mass spectrometry, including their associated caveats and false
positive (abiotic) potentials. We then draw on contemporary
examples of agnostic biosignatures and highlight the utility of
mass spectrometry in detecting them. Finally, we consider future
planetary astrobiology missions that may carry mass
spectrometers, and the potential infusion of agnostic
approaches to life detection in these missions.

2 HISTORICAL OVERVIEW OF PLANETARY
MASS SPECTROMETRY

To date, the Viking mission remains the only successfully-
operated previous mission with a prime focus on in situ life
detection on another planet. The mission boasted a life detection
payload composed of three biological experiments: 1) the Gas
Exchange experiment, which aimed to identify gases released
from the Martian soil upon adding a nutrient solution (Oyama
etal., 1976), 2) the Labeled Release experiment, which monitored
radioactive gases for biological activity after infusing the soil with
1C labeled nutrients (Levin and Straat, 1977), and 3) the
Pyrolytic Release experiment, which sought evidence of
biological carbon assimilation into radio-labeled organic
matter after exposing potential Martian life to '*CO, and
"CO gases (Horowitz et al, 1972). Two gas chromatography-
mass spectrometers (GC-MS), then state-of-the-art, were also
included on board to study Mars organic matter and search for
complex organic compounds that could be indicative of life,
which could help to independently verify a positive life
detection for one or more of the biological experiments.
However, despite a positive observation of the release of
radioactive gas in the Labeled Release experiments (Levin and
Straat, 1977), the fully-functional and highly capable mass
spectrometers failed to detect diagnostic organic compounds,
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even with a mass spectrometer detection limit on the order of
ppm to ppb (Biemann et al.,, 1977).

The initial results of the Viking GC-MS experiments were
revisited after the 2008 discovery of native oxychlorines during
the Mars Phoenix mission (Hecht et al, 2009), and later
confirmed by the 2013 detection of perchlorates and chlorates
with the Sample Analysis at Mars (SAM) instrument suite on the
Mars Science Laboratory (MSL) mission’s Curiosity rover (Ming
et al,, 2014). Oxychlorines are a type of chlorinated oxidant that
can substantially alter or destroy organic matter in the presence of
thermal or jonizing radiation, ultimately changing its chemistry.
Thus, oxidized Martian organic matter may be unrecognizable or
undetectable with the use of thermal volatilization extraction or
pyrolysis (Navarro-Gonzalez et al., 2006; Biemann, 2007). Since
then, the more advanced pyrolysis-GC-MS of the SAM
instrument suite (Mahaffy et al,, 2012) has shown that some
chlorinated compounds (Freissinet et al., 2015) and more
molecularly diverse organic matter (Eigenbrode et al., 2018)
are detectable by this approach even when oxychlorines are
present, potentially due to a higher carbon to oxychlorine
ratio (Kenig et al,, 2016). In addition, the search for organic
matter on Mars has evolved to include chemical derivatization
and thermochemolysis techniques that can enhance the
amenability of non-volatile organic compounds to GC-MS
(Mahafty et al, 2012; Miflbach et al, 2019), and laser
desorption ionization (LDI) technique of the Mars Organic
Molecular Analyzer (MOMA) instrument on board the 2022
ExoMars’ Rosalind Franklin rover that circumvents the problem
of oxidation of organic compounds during sampling and
ionization (Li et al, 2015; Goesmann et al, 2017). These
technologies continue to employ mass spectrometers for their
high sensitivity in detecting compounds that establish chemical
context and enable the search for potential biosignatures. Despite
the challenges that were faced, the Viking experiments’ first in
situ attempt at life detection beyond Earth greatly inspired the
SAM and MOMA investigations, as well as next generation of
planetary missions that will visit Mars and beyond, further
driving the community’s interest in exploring our Solar
System to seek out potential evidence of life on another planet.

2.1 Types of Planetary Mass Spectrometers
Mass spectrometers (MS) have been part of space exploration for
a number of decades, and MS technology continues to advance
rapidly. Earlier generations of MS comprise miniaturized
magnetic sector mass analyzers, which are used to filter ions
and separate them through a magnetic field. These instruments
were flown to examine the atmospheric composition of the Earth
by way of high altitude rockets (Nier, 1960), to study the Moon
via Apollo 15, 16, and 17 missions (Hoffman and Hodges, 1972),
to explore Venus through the Pioneer Venus Large Probe
(Hoffman et al, 1980b,a), to interrogate comet 67P/
Churyumov-Gerasimenko with the Rosetta orbiter (Balsiger
et al,, 2007), and to investigate the surface of Mars with the
Viking landers and the Mars Phoenix lander (Biemann et al.,
1977; Hoffman et al., 2008) (Figure 1A). Magnetic sector MS
have contributed to numerous valuable science discoveries on
remote bodies, such as conducting one of the first in situ
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Rosetta/Philae Lander

FIGURE 1 | A variety of miniaturized mass analyzers that have been flown and will fly on planetary missions. (A) A magnetic sector MS was carried on the Viking
landers. (B) A quadrupole MS was carried on board the Curiosity rover. (C) A time-of-flight MS was flown on the Rosetta/Philae lander (as part of the COSAC instrument
suite). (D) Anion trap MS as part of the MOMA instrument suite will be flown on board the Rosalind Franklin rover. Reprinted with permission from Levin et al. (2000) and

from Dr. Fred Goesmann.

Quadrupole MS
Curiosity Rover

osalind Franklin Rover

characterizations of Venus’ atmosphere with the Pioneer Venus
Bus Probe (Hoffman et al.,, 1980a), and investigating carbonate
mineral phases on Mars during the Viking mission (Sutter et al.,
2012). In some cases, magnetic sector analyzers are coupled with
electrostatic analyzers, which are used to separate ions in flight
using an electric field: when combined, the instrument suite is
called a double focusing mass spectrometer (DEMS). Electrostatic
analyzers have been used on board the VeGa-1 and VeGa-2
spacecrafts to measure the composition of gaseous materials near
comet Halley (Gringauz et al., 1985) whereas the DFMS helped
enabled the characterization of organic species on comet 67P/
Churyumov-Gerasimenko (Le Roy et al., 2015). While magnetic
sector MS represents some of the earlier prototypes of planetary
MSs, they are generally predecessors to the more ubiquitous
quadrupole mass analyzers.

Quadrupole mass spectrometer (QMS) consists of four
cylindrical or hyperbolic rods with applied direct-current (DC)
and radio-frequency (RF) electric fields that are used for ion
separation. In planetary flight implementations, QMS analyzers
typically offer unit mass resolution and mass ranges from two to
hundreds of Daltons (depending on rod configuration and radio
frequency range). QMSs have visited numerous worlds including
Venus on the Pioneer Venus Orbiter (Niemann et al., 1979),
Jupiter aboard the Galileo probe (Niemann et al., 1979; Mahafty
et al., 2000), Saturn and its moons, Titan and Enceladus, on the
Cassini spacecraft (Kasprzak et al., 1996; Waite et al., 2004) and
its accompanying Huygens probe (Niemann et al., 2010), our
Moon on the Lunar Atmosphere and Dust Environment Explorer
(LADEE) mission (Mahaffy et al., 2014), the upper atmospheres
of Mars on board the Mars Atmosphere and Volatile EvolutioN
(MAVEN) orbiter (Mahaffy et al., 2015), and most notably, the

surface of Mars via the SAM instrument suite on the Curiosity
rover (Mahaffy et al., 2012) (Figure 1B). Enigmas across our Solar
System are being slowly unraveled by these planetary missions
that leverage QMSs. For example, studies of elemental ratios of
noble gases and the light elements H, C, N, O, and S in various
molecules in the deep atmosphere of Jupiter with the Galileo
probe mass spectrometer helped resolve models of the formation
of the gas giant (Mahaffy et al., 2000; Atreya et al., 2003). More
recently, the Curiosity rover and its analytical payload helped
uncover evidence pointing to ancient habitable lake deposits
(Grotzinger et al, 2014) in addition to potentially refractory
organic matter preserved by sedimentary sulfurization at Gale
Crater on Mars (Eigenbrode et al., 2018), which were discovered
using evolved gas analysis and GC that both relied on a QMS.
Time-of-flight mass spectrometer (TOFMS) has been
miniaturized for spaceflight since the 1980s but has been used
less commonly in planetary missions. TOFMS analyzes charged
species based on the flight time of ions that have been accelerated
to a uniform kinetic energy and separated in a drift region. In
order to reduce the physical space needed to resolve spectral
peaks with a TOFMS, a reflectron, which is a device that acts as an
ion mirror, can be used to effectively increase the drift tube
distance without substantially increasing the overall instrument
dimensions, leading to considerable improvements in the mass
resolution of TOF mass analyzers (Scherer et al., 2006). TOFMSs
were first flown on the VeGa-1 and Vega-2 spacecrafts to Venus,
and then on the Giotto spacecraft that investigated the
composition of cometary dust of comet Halley (Kissel and
Krueger, 1987). In these experiments, the impact of dust at the
source region of the MS produces a plasma that was extracted and
focused into the TOFMS for analysis. In 2004, a TOFMS was also
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used to successfully measure the first negative ion mass spectra of
cometary particles during the Stardust mission to comet 91P/
Wild2 (Tsou et al., 2004). In addition, several TOFMSs were also
used aboard the Rosetta spacecraft and Philae lander that
explored comet 67P/Churyumov-Gerasimenko: the COmetary
Secondary Ion Mass Analyzer (COSIMA) which was used as an
analyzer for secondary ion mass spectrometry (SIMS) (Kissel
et al., 2007), a reflectron type TOFMS called RTOF that is part of
the Rosetta Orbiter Spectrometer for Ion and Neutral Analysis
(ROSINA) instrument suite (Balsiger et al, 2007), and the
Cometary Sampling and Composition (COSAC) experiment
on Philae, which was implemented in the form of a high
resolution and wide mass range TOFMS instrument suite that
enabled the in situ analysis of organic molecules on the comet’s
surface (Goesmann et al., 2007) (Figure 1C). Owing to their
successes in chemical investigations in space environments,
TOFMS remains a critical payload in future selected and
proposed missions. For example, the Jupiter Icy Moon
Explorer (JUICE) mission will utilize a compact TOFMS
capable of measuring neutral molecules and ionospheric ions
in the atmospheres of the icy moons of Jupiter, Europa,
Ganymede, and Callisto (Foéhn et al,, 2021). High resolution
TOFMSs are also currently being developed for flight
applications, including the MAss Spectrometer for Planetary
EXploration (MASPEX) instrument that is capable of
25,000 m/Am resolution at 10% peak height, allowing for the
elucidation of the isotopic composition of volatiles, such as CH,,
H,0, NH,, CO, Ny, and CO,, as well as low molecular weight
(C2-C4) organic compounds in a complex mixtures (Brockwell
et al., 2016).

Finally, ion trap mass spectrometer (ITMS) leverages mass
analyzers that can be used to capture and subsequently analyze
ions across a tailored mass range through a combination of
electric or magnetic fields. They have a variety of
configurations including 2D (linear ion trap), 3D (Paul ion
trap), electrostatic (Orbitrap™), and magnetically-induced with
electric trapping plates [ion cyclotron resonance (ICR) trap].
While 2D and 3D traps can operate at higher pressures,
potentially reducing resource requirements, others such as
ICRMS can offer remarkably high mass resolving power but
have yet to be matured to flight readiness. The Philae lander
onboard the Rosetta spacecraft housed the first ITMS that was
utilized on a planetary mission, and it was coupled to a GC that
targeted a measurement of the elemental and stable isotope
abundances of the cometary materials (Todd et al, 2007;
Morse et al., 2015; Wright et al., 2015). In 2022, the ExoMars
mission will launch with MOMA, the most comprehensive ITMS
instrument suite to date, comprised of a dual source 2D ion trap
capable of analyzing ions generated via two different ionization
mechanism: laser desorption ionization, and electron impact
ionization (Brinckerhoff et al., 2013; Goesmann et al., 2017; Li
et al., 2017) (Figure 1D). In addition, MOMA is able to analyze
ions via two different operational modes, as a standard ITMS, and
via tandem mass spectrometry (MS") using the Stored Waveform
Inverse Fourier Transform (SWIFT) mode (Goesmann et al.,
2017; Li et al,, 2017). Importantly, MS" enables the selection and
accumulation of jons within a particular mass range, allowing for
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subsequent fragmentation of ions of interest, leading to a greater
discernibility of the mass spectrum, and thus improved structural
characterization of molecules. Ultrahigh mass resolution systems,
such as Orbitraps mass analyzers, are presently being developed
by a number of researchers due to the value of separating isobaric
interferences with additional sample processing (Arevalo et al.,
2018; Selliez et al., 2019; Willhite et al., 2021).

Whether ions are filtered or spatially separated by a mass
analyzer, a device is needed to measure the intensity of the ions
and record it as an electrical signal that can be digitized and read
by a data acquisition system. Measuring ions can be achieved via a
collector that amplifies and measures the ion current directly
(i.e., Faraday cup) or via a series of dynodes that can convert
individual ions into a cascade of electrons that are then
transformed to an electrical signal (ie., electron multiplier).
Similarly, microchannel plate detectors can amplify ion signals
by secondary emission of electrons in the detector material;
additionally, the nature of the array of wells in a microchannel
plate also allows for spatial resolution in some applications. Ion
detection systems have varying sensitivities, response times, and
noise and pressure tolerances. The electron multiplier, the most
common type of ion detector in space, has been used with a
number of planetary mass spectrometers, including those on
board Cassini/Huygens probe, Viking landers, and Curiosity
rover, to name a few (Biemann et al., 1977; Kasprzak et al,
1996; Mabhaffy et al, 2012). Microchannel plate detector,
especially suitable for high speed current digitization of ion
signals, has also been implemented in flight, such as on the
RTOF mass analyzer onboard the ROSINA instrument suite
(Balsiger et al., 2007). This detector serves as a heritage for the
MASPEX instrument suite (Brockwell et al., 2016).

2.2 lonization Sources and Molecular

Separation Techniques

Mass spectrometers fundamentally measure the mass-to-charge
ratios (m/z) of particles that have been ionized. There is a wide
range of ionization techniques, some of which have high heritage
in planetary exploration. The most common, used in laboratory
instruments and on mass spectrometers flown to space, is
electron impact (EI) ionization, where energetic electrons
(emitted from a filament) bombard molecules in gas phase
causing them to become ionized and often fragmented. These
sources and other MS components have been miniaturized and
ruggedized for numerous missions, such as Viking, Venera,
VeGa, Cassini, Rosetta, and Curiosity, among others. EI
ionization is considered a “hard ionization” source, where the
high degree of fragmentation can yield a detailed product
spectrum that can be used for structural elucidation. In some
missions (e.g., Galileo), a variable electron energy was utilized to
provide more information on the molecular composition of the
targets (Niemann et al., 1992). However, EI ionization may not be
particularly well suited for studies of some compounds where
observing the preserved molecular ion is desirable and would
provide the most definitive identification. In addition, EI
ionization is not amenable to certain molecular separation
techniques, such as liquid chromatography (LC), because ion
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source pressure may cause filament degradation, decreasing the
longevity of the source.

Other “soft ionization” techniques, such as chemical
ionization (CI), atmospheric-pressure chemical ionization
(APCI), and electrospray ionization (ESI), transfer residual
energy onto the analytes, resulting in ionization while
preserving the molecular ions and minimizing fragmentation.
These techniques require liquid or gaseous reagents and
pressurized systems which can add to the complexity of their
deployment in space environments. Several studies have tested
the utility of CI and ESI for the detection of potential
biosignatures on ocean worlds (Sokol et al., 2011; Waller et al.,
2019). In comparison, LDI sources are also considered “soft
ionization” techniques; here, a pulsed laser is used to irradiate
samples, causing the desorption and ionization of surface
materials (Ligterink et al., 2020). Sometimes aided with matrix
reagents (i.e., compounds that have the propensity to efficiently
absorb the laser energy, donate protons, or act as electron
acceptors for analytes), matrix-assisted laser desorption
ionization (MALDI) has been used extensively on Earth to
study compounds of relatively high molecular mass like long-
chain peptides and other biomolecules with masses up to
~25,000 Da (Rappsilber et al., 2003; Remoortere et al., 2010).
LDI will be employed for the first time in planetary exploration on
the MOMA instrument suite aboard the Rosalind Franklin rover
(Goesmann et al.,, 2017; Li et al., 2017). Other laser ionization
techniques, such as a two-step laser induced post-ionization, have
also been considered for flight (Getty et al., 2012).

While there are many different types and configurations of
mass analyzers and ionization sources, one requirement is
consistent across all MS: the need for the target analytes to be
in gas phase, and in some cases, in plasma phase. Molecular
separation techniques such as gas chromatography (GC) is
naturally compatible with compounds that are able to be
readily volatilized via thermal extraction and have relatively
low molecular weights. GCs have been high heritage
instruments since the 1970s (Biemann et al., 1977), and
continue to serve as a critical payload in recent missions like
Rosetta/Philae and MSL (Goesmann et al., 2007; Mahaffy et al.,
2012) and future missions like ExoMars (Brinckerhoff et al., 2013;
Goesmann et al., 2017). Miniaturized GC using micro-electro-
mechanical system (MEMS) technology is also being pursued for
future missions, which encompasses a 10 m analytical column
(relative to the 30 m GC columns on SAM) that has been
compacted into a 150 um by 240 pm rectangular space (Blase
et al., 2020). Likewise, LC can be combined with ESI sources that
help simultaneously evaporate the solvents carrying the target
analytes and ionizing them as solvent evaporation occurs prior to
the interface with a mass analyzer. This technique has also been
minijaturized and considered for flight applications (Getty et al.,
2013). Capillary electrophoresis (CE) is another liquid-based
method used to separate ions based on their electrokinetic
mobility under application of a high voltage through a
capillary tube. Ions that are separated based on their charge
and ionic radius can then be detected using fluorescence
techniques (Cable et al., 2013; Willis et al, 2015; Creamer
et al., 2017), or MS if coupled to an ionization source like ESI.
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Significant advances have been made in maturing CE techniques
for space applications (Zamuruyev et al., 2021).

Inductively coupled plasma (ICP) techniques atomize and
ionize target analytes using a plasma source that is inductively
heated with an electromagnetic coil, and have already been
miniaturized for potential spaceflight applications (Yin et al,
1999). Plasmas can also be generated by laser desorption, which
can then be coupled to MS for mass separation and detection
(Rohner et al., 2003). This technique has been used in
combination with machine learning to provide exceptional
molecular details of Terran-based microfossils (Lukmanov
et al., 2021). Because ICP-MS techniques generate electrons at
high densities, causing very efficient ionization of target analytes,
they are very sensitive to low concentrations and can be used for
trace analysis of elements in geological materials (Jenner et al.,
1990).

Despite the high resolution and sensitivity of many mass
spectrometry  platforms,  chemical  biosignatures  of
astrobiological interest are likely to occur in complicated
mixtures with other organic matter that have been processed
(altered) or those that came from abiotic sources, as well as
minerals, salts, and metals, some of which may have detrimental
effects on MS analysis without proper sample pre-treatment. This
can present a tremendous challenge in the sample processing
requirements for in situ chemical measurements on other planets,
especially for samples that contain oxidants like perchlorates on
the Martian surface (Hecht et al., 2009), or high levels of salts like
the surface and/or subsurface of Europa (Schmidt et al.,, 2011;
Schmidt, 2020). For these reasons, select sample processing
techniques can be employed to overcome the problems
associated with sample matrix and media. Reagents such as
N-methyl-N-tert-butyldimethylsilyl-trifluoroacetamide
(MBSTFA) can react with non-volatile polar molecules (e.g.,
amino acids) to create volatile derivatives amenable to gas
analyses, whereas thermochemolysis with reagents such as
tetramethylammonium hydroxide (TMAH) in methanol causes
hydrolysis followed by methylation, allowing larger analytes to be
broken into components with lower molecular weight, enhancing
thermal stability and volatility of the reaction products (He et al.,
2020). Both of these approaches are currently being employed
by SAM onboard the Curiosity rover as part of the MSL
mission (Mahaffy et al., 2012; Williams et al., 2019; Millan
et al., 2021, accepted) and by the MOMA instrument
(Goesmann et al.,, 2017; MifSbach et al., 2019; Reinhardt
et al., 2020). Some methods (e.g., derivatization approaches)
may be sensitive to some salts and water (Freissinet et al., 2015;
Miflbach et al, 2019) while others (e.g, TMAH
thermochemolysis) are more tolerable of both (Miflbach
et al, 2019; He et al, 2021). Thus, sample matrix
composition for Martian and other astrobiology targets,
particularly the briny, ice-covered oceans harbored by
moons of the outer planets, may require instruments to
adapt new hardware, methods, and operations for salt-laden
samples (e.g., addition of desalting or dilution steps).
Advances in sample processing technologies can critically
improve the detection capabilities of organic molecules,
including those that may be indicative of life, on other worlds.
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FIGURE 2 | (A) Figurative biomarker tree of Terran life representing the diversity of chemical biosignatures detectable via mass spectrometry. (B) Figurative
biomarker tree of exotic life representing our lack of knowledge on the biochemical ancestry and thus potential chemical biosignatures of exotic life.
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3 TERRAN-BASED CHEMICAL
BIOSIGNATURES REVEALED BY MASS
SPECTROMETRY

For Solar System exploration, the search for life greatly benefits
from our ability to robotically explore high-priority astrobiology
destinations. The goal for many in situ methods for chemical
analysis such as using mass spectrometers is to directly sample the
materials present on a planetary surface (or in the atmospheres or
plumes of terrestrial or ocean worlds), and then determine
whether those materials could harbor chemical biosignatures.
Chemical biosignatures include specific organic or inorganic
molecules, molecules with preferential configurations, as well
as structural and compositional patterns among families of
molecules.

It is important to note, however, that we have no concrete
theory for predicting what molecules and macromolecules life
would use in the Universe. If we use Terran life as an example and
consider what could be analyzed by mass spectrometers, then it is
interesting to note that Terran macromolecules would have some
unique features which we review below. However, we strongly
emphasize that these particular properties are not guaranteed to
be shared by life anywhere else (e.g., Kempes and Krakauer,
2021). The below review should be seen as an exercise of the types
of measurements that mass spectrometers could make on Terran
life, but this does not address the challenges of finding more
universal properties of life that would transcend specific
evolutionary history, which will be discussed in the next section.

All life on Earth employs the same essential set of building
blocks: nucleotides, amino acids, carbohydrates, and lipids. All
these compounds and their derivatives and polymeric forms
(i.e., repeated subunits) can, in theory, be indicative of life.
However, some compounds, such as amino acids, are also
produced abiotically (Miller and Urey, 1959; McDermott et al.,
2015; LaRowe and Regnier, 2008; Summons et al., 2008; Horst

et al.,, 2012; Ménez et al., 2018; Sherwood Lollar et al., 2006) and
have been found in extraterrestrial materials (Pizzarello and
Cronin, 2000; Glavin et al., 2006, 2018, 2020; Burton et al,,
2012), suggesting that their presence may be ubiquitous in the
Solar System and, thus, their detection alone is not diagnostic of
life. However, certain organic compounds can provide a
particularly robust indication of life because they require suites
of biological machineries (i.e., enzymes) to be synthesized and
have a very low probability of being produced abiotically. For
example, sterols, a pervasive group of compounds found in
eukaryotic life require numerous enzymes as well as molecular
oxygen to be produced (Summons et al, 2008). These
compounds, often referred to as biomarkers, have served as
not only biosignatures of life, but also taxonomic indicators of
specific types of organisms (Peters et al, 2005). While this
specificity provides the diagnostic ability to interpret the data
of Terran life, it is unknown what similarly definitive
biomolecules may look like on another planetary target
(Figure 2).

Metabolic processes of Terran life also contribute to the
presence of gas-phase biosignatures observed in the Earth’s
atmosphere, which are often invoked when considering
potential evidence for life on other exoplanets and can be
detected in situ via mass spectrometry within our own Solar
System. Gases such as molecular oxygen (O,) have been
attributed to  the advent of specific  metabolic
capability—oxygenic photosynthesis—that explicitly evolved on
Earth, but may not have developed elsewhere (Blankenship and
Hartman, 1998; Lehmer et al, 2018). In addition, despite the
ample production of O, by photosynthetic organisms on Earth,
several potential planetary mechanisms can generate abundant
O, without life being present (Meadows, 2017) and can confound
interpretations of such a detection. Methane (CH,) is another
prospective biosignature gas, although care must be taken when
interpreting a detection, as CH, can also be produced abiotically
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via both high temperature geological processes (Judd, 2000;
Guzman-Marmolejo et al., 2013; Reeves and Fiebig, 2020) and
low temperature water-rock reactions (Etiope and Sherwood
Lollar, 2013, and references therin). Due to significant overlap
in the isotopic signature of C and H in CHy, additional lines of
evidence are required to discriminate between biogenic CH,4 from
those that form geologically (Warr et al., 2021). One avenue for
distinguishing between methane sources is measuring the
clumped isotopologues of methane, such as the abundances of
multiply substituted isotopes (e.g., ">*CH;D and '*CH,D,, which
can be used to infer the formation temperature, and by proxy, the
formation environment of the methane in question (Stolper et al.,
2014). Variability of CH, and O, in the atmosphere of Mars is
thus of great interest and has been measured over a time period of
several years by the SAM instrument suite on MSL (Trainer et al.,
2019; Webster et al.,, 2021). Additionally, combinations of gases
can also serve as Terran biosignatures, or used to differentiate
biogenic CH, from abiogenic CH,. For example, the low ratios of
CH,/C,Hs, and high ratios of H/CH,4 have been shown to identify
abiogenic CH, sources on Earth analog systems, due to the low
trace concentrations of C,Hs and H associated with biogenic
sources (Sherwood Lollar et al., 2006; Warr et al., 2021). The co-
occurrence of some atmospheric species at particular
concentrations (e.g., CHy with O,, or CH, with CO,, N,, and
H,0) could indicate a chemical disequilibrium that may only
persist when there is a consistent source of one or more of those
species (Krissansen-Totton et al., 2018), thus pointing to the
potential presence of life, especially on exoplanets.

Terran molecular biosignatures also exist as patterns of
structural regularities and abundances. Because biological
molecules are constructed from a limited set of simpler
building blocks, they can contain consistent and repeating
units associated with those building blocks. For example, lipids
on Earth are produced from two different biochemical pathways:
the acetogenic pathway (2-carbon building block) that form fatty
acids, the basis for bacterial and eukaryotic membrane lipids, and
the isoprenoid pathway (5-carbon building block) that form
terpenoid compounds, a large class of molecules that
constitute archeael lipids and other metabolites (Caforio and
Driessen, 2017; Magnuson et al., 1993). Because life draws from
the same pool of molecules, the resulting biological products
often display a carbon-number preference. In particular, for fatty
acid lipids, carbon chains tend to have an even number of carbons
(i.e., even-over-odd patterning) (Volkman, 2006) and are limited
in chain length distribution to meet physiological needs (C12-
C20 being the most common). Both features (carbon number
preference and chain lengths) are key signatures of Terran life and
may be more broadly common to life elsewhere (Summons et al.,
2008; Georgiou and Deamer, 2014). This is in contrast to
abiotically synthesized fatty acids that exhibit no carbon-
number preference and have either 1) shorter carbon chains
(<C12), as observed in carbonaceous chondrites (Yuenk and
Kvenvolden, 1973; Naraoka et al., 1999), or 2) shorter-chain
dominance within a broad distribution of up to C30, as is
expected of Fischer-Tropsch-type reactions (McCollom et al,
1999). Furthermore, molecules with specific structures like C20,
C30, and C40 hydrocarbons (diterpenoid, triterpenoid, and
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tetraterpenoid, respectively) derive from the isoprenoid
pathway, and their specificity, including cyclicity and
stereoisomeric configuration, is determined by key biological
enzymes, lending to their reliability as biosignatures for Terran
life (Summons et al., 2008).

Another intriguing attribute of Terran life is enantiomeric
excess (ee). Enantiomers are pairs of a chiral molecule that are
mirror images of each other. Many biological organic molecules
are “homochiral,” with peptides and proteins exclusively made of
L-amino acids, and nucleic acids exclusively composed of
D-sugars (Barron, 2008). Though knowledge of the onset of
homochirality in Terran life remains an unsolved mystery in
the origin of life and astrobiology community, it has been
postulated that physiological properties of proteins (e.g.,
exclusively right-handed helical structures, etc.) are what lead
most biological compounds to be synthesized in one
configuration over the other (Schwartz, 1994; Tverdislov and
Malyshko, 2020). While this predominance is actively maintained
when an organism is alive, free homochiral molecules can
racemize after the organism ceases to maintain metabolic
functions, leading to the ratio between the two enantiomers to
move towards 50:50 after death. The racemization rate of amino
acids is largely influenced by a number of environmental factors,
including temperature (Bada and Schroeder, 1975; Smith et al,,
1978), which is an important factor to consider when searching
for life on icy worlds. Enantiomeric excesses as high as 18.5% have
been observed in meteoritic amino acids (Glavin and Dworkin,
2009). Though an ee threshold of >20% for multiple
proteinogenic amino acids has been proposed as a chemical
biosignature (Neveu et al.,, 2018), Glavin et al. (2020) instead
suggested a constraint based on a specific ee may not be necessary,
and rather that the distributions of the enantiomeric and isotopic
composition of amino acids and other organic molecules (e.g.,
polyols) in combination with structural composition can be used
as a set of criteria for life detection.

Other molecular patterns in Terran life manifest in isotopic
abundances and elemental distributions. For example, the
contrasting variability in isotopic values for C, H, and N in
biomolecules compared to meteoritic organic matter is a
hallmark of isotopic biosignatures (Engel et al, 1990; Hayes,
2018). In the case of isotopic biosignatures, equilibrium isotopic
fractionations can overlap with the kinetic fractionations induced
by biological processes (Bottinga, 1969; Galimov, 2006). Further,
kinetic fractionations associated with abiotic processes have been
shown to produce fractionations of comparable scale to those
produced by kinetically-controlled biological processes (Etiope
and Sherwood Lollar, 2013; Ojeda et al., 2020). The isotopic
discrimination between certain elements in organic molecules
and the surrounding local environment (e.g., rock matrix,
aqueous media, etc.) is an important strategy to infer the
presence of life. Furthermore, position-specific isotopic
analysis is an emerging powerful technique for understanding
molecular formation pathway that allow for the discrimination
between biotic and abiotic compounds (Tenailleau et al., 2004)
and to provide contextual information about mineral-mediated
reactions relevant to molecular formation in space environments
(Fox et al,, 2021). However, isotopic interpretations require
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knowledge of both the isotopic compositions of source materials
and the process by which isotopes are fractionated (Hayes, 2001).
Thus, isotopic measurements have great potential in their
interpretive power, but they are dependent on our
understanding of the system from which they are derived.
Similarly, because life on Earth is based on a set of common
building blocks (CNHOPS), the composition and distribution of
elements in biomass is often reflective of the types of atoms that
are found in those building blocks. When looking for life on other
planets, it could be possible to use elemental ratios to infer the
presence of a biological system based on a particular
stoichiometric proportion (Elser, 2003; Young et al, 2014;
Kempes et al., 2019, 2021).

The list of all the possible chemical derivatives and patterns of
Terran life provided above is non-exhaustive, and novel biological
compounds are still being discovered every day (Sleiman et al.,
2021). On Earth, these biosignatures are routinely analyzed using
commercial mass spectrometers. In the case of specific organic
molecules, mass fragmentation by hard ionization sources such as
EI, or by MS" methods (e.g., collision induced dissociation), is
one of the key tools needed to elucidate structural details of the
molecules or for full molecular identification. The field of organic
geochemistry has tremendously benefited from the
standardization of EI methods in MS, with the identification
of many important biomarkers of ancient life (e.g., steranes,
hopanes, pigments, etc.) whose spectra are now available in
comprehensive databases [e.g., the National Institute of
Standards and Technology (NIST) Chemistry WebBook]
(Wallace, 2021). These tools are often complementary to
manual spectral interpretation by trained human investigators
(Peters et al., 2005; Simoneit, 2005). For example, the molecular
patterns of glycerol dialkyl glycerol tetraether (GDGT)
membrane lipids found in most archaea and some bacteria are
interpreted to contain a number of cyclic moieties based on their
fragmentation patterns using quadrupole and tandem MS
(Schouten et al, 2007, 2013; Liu et al, 2012). While
fragmentation processes are generally well understood for
certain biomolecular classes (e.g., aliphatic compounds and
peptides, etc.) (Paizs and Suhai, 2005), it is difficult to fully
elucidate molecular structures without a strong knowledge of
the chemistry of the analyte and the associated fragmentation
pathway. Soft ionization methods can help reduce the propensity
for fragmentation, sometimes preserving the molecular ion in
high abundance which could allow for the stoichiometric formula
confirmation, especially when used with high resolution mass
spectrometers (e.g., Orbitrap™). Fragmentation of molecular ions
require a delicate balance among the ionization technique, the
capability of the mass analyzer, and the sensitivity of the detection
method.

While MS offers a detailed look into the molecular
composition of life, the complex nature of organic chemistry
can complicate in situ analyses that rely solely on MS. This is why
it is often critical to choose the appropriate separation or MS"
techniques to help resolve mixtures and allow for different
analytes to be observed independently by the mass analyzer.
For example, without a separation dimension, MS alone does not
allow discrimination between isomers (Awad and El-Aneed,
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2013). Separating the compounds via chromatography after
derivatization could aid in the measurement of enantiomeric
excess or homochirality. On the other hand, larger compounds
such as peptides that may be analyzed via LDI techniques can
experience fragmentation at fluences above the desorption
threshold of the material, which can compromise the ability to
distinguish those fragments from the molecular ions of other
distinct molecules without an ultrahigh resolution mass analyzer
(e.g., Orbitrap™). Tandem MS can circumvent this problem by
selecting and accumulating ions of interest, fragmenting them in
a secondary (or ") MS dimension, leading to “pure” mass spectra
that belong only to that particular compound. Tandem MS
technology will achieve flight heritage with the ExoMars
mission launching in 2022.

Some molecular biosignatures require in situ contextual
spatial information that can be aided by MS imaging.
Elemental distribution of biogenic elements or molecules at
micron scales can be detected using techniques such as LDI-
MS or SIMS. For example, Riedo et al. (2020) was able to
distinguish biologically relevant elements, such as H, C, S, N,
P, and Fe, between microbial life and its mineral matrix in a
biologically-spiked Mars analog sample via a high spatial
resolution LDI-MS. Similarly, Tulej et al. (2015) was able to
study the elemental composition of Terran-based natural samples
using LDI-MS, and used the information to distinguish the
differences between microfossils and mineral
background. Larger molecules have also been investigated
using MS imaging, such as the characterization of lipid
biomarkers in modern microbial mats and fluid inclusions
using a TOF-SIMS (Siljestrom et al., 2010; Leefmann et al,
2013). The spatial resolution of MS imaging approaches such
as MALDI have typically been on the order of 10 s of microns
(Cornett et al., 2007; Riedo et al., 2020), implying the requirement
of multicellular structures to ensure biological detection, but
advances in matrix application has allowed for 1.4pm
resolution in a study of metabolite, lipid, and peptide
arrangements (Kompauer et al, 2017). As MS imaging
resolution continues to improve toward that of a single
microbial cell, the approach will gain relevance in an
astrobiological context, where single-cell detection is a priority.

Contextual spatial information obtained from TOF-SIMS
analysis also aided in the elucidation of abiological processes
driving the alteration of organic matter in Martian meteorites,
suggesting that MS imaging techniques can be critical in
understanding the provenance of materials of astrobiological
interests (Steele et al, 2018). While LDI techniques will
achieve flight heritage with MOMA onboard the ExoMars
mission, SIMS methods have already enabled the collection of
spectra from space for the first time on the COSIMA instrument
suite on board the Rosetta spacecraft (Kissel et al., 2007). MS
imaging combined with other analytical techniques represent
some of the most promising tools in future life detection
missions as it allows for chemical elucidation in a spatial context.

In addition to traditional laboratory techniques, MS
investigations have also benefited from automated data-driven
pre-processing and analyses using machine learning (ML). A
variety of ML techniques such as multi-layer perceptrons,
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decision trees, and genetic algorithms have been applied to MS
data to aid in noise reduction, peak detection, and normalization
(Liebal et al., 2020, and references therein). For discovery-driven
analysis, classification of novel metabolites, biomarkers related to
pathology such as peptides, have also been achieved using
combined MS and ML approaches (Baczek et al., 2004; Hilario
et al, 2006; Azari et al., 2018; Liebal et al, 2020). Spatial
techniques such as LDI-MS have also significantly advanced
with the use of ML, which can help discriminate biotic
materials from abiotic background (Lukmanov et al, 2021).
Given the low computational cost, ML may become critical in
planetary exploration where the classification of instrument
output can aid in the reduction of data size that are produced
from advanced MS instruments. As deep-space network
bandwidth is a critical limiting factor for transmitting high
resolution MS data back to Earth from outer Solar System
destinations (Theiling et al., 2021), preprocessing techniques
could remove unwanted noise, filter out corrupt mass spectra,
and preliminarily classify data output so that only relevant data is
transmitted. Onboard processing of raw MS data by ML
algorithms would greatly enhance the science return of future
missions, especially for distant worlds in the outer Solar System.

Many MS techniques are capable of analyzing and
characterizing molecules relevant to life, affirming the need of
MS in future life detection missions. From a different point of
view however, some MS techniques are, in fact, used to investigate
the underlying principles that drive the chemistry of life to be
different from non-life. It is these principles that could be applied
to the search for non-Terran biochemical systems using MS
approaches. Mass spectrometers that reveal molecular
complexity (“molecular assembly” index) (Marshall et al,
2021), chemical structures, and patterns will play an important
role in the future of agnostic biosignatures detection on other
worlds.

4 AGNOSTIC BIOSIGNATURES DETECTION
USING MASS SPECTROMETRY

While search strategies that exclusively focus on Terran
biosignatures are biased towards life as we know it, it is
critical to note that any attempts to develop novel agnostic
biosignature detection methods are still, inescapably, informed
by Earth-based life. This is because life on Earth provides a single
(N = 1) datum that serves as the reference point for searching for
extraterrestrial life in the Universe. Even so, we can take
inspiration and interpretive techniques from MS applications
to the detection of Terran life, and in turn, design novel in situ
detection techniques that are not only agnostic to the underlying
biochemistry of the life forms in question, but also take advantage
of existing high heritage instrumentation like MS.

On other worlds, life may be based on a different and
potentially unfamiliar biochemistry. In order to capture the
expressions of those life forms, we should relax our constraints
on the criteria that we think a system must exhibit to qualify as life
(e.g., even-over-odd fatty acids preference, homochiral amino
acids, etc.), and broaden the scope of biosignatures to include the
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possible attributes of life that we think could be more common in
the Universe. While it is not yet known what those attributes are,
we can leverage our understanding of general principles of life,
such as theories relating to biological processes or behaviors, to
inform our intuition about how life elsewhere could have evolved
(e.g., Kempes and Krakauer, 2021). Such principles allow us to
extract properties that may be unique to life (compared to non-
life), and determine what their potential expressions or imprints
in the environment could be. The field of agnostic biosignatures is
growing in astrobiology, and leveraging agnostic techniques in
biosignatures investigations on other worlds may greatly enhance
the science return of planetary exploration missions. Importantly,
the general principles behind agnostic biosignatures also dictate
the features of Terran life, suggesting that techniques that are
designed to be agnostic to the life forms in question are also
capable of identifying Terran or Terran-like biosignatures (Chou
et al,, 2021). Newly proposed ideas to detect life more generally
are still being developed and formalized. The following section
aims to give an overview of this new area of research as it stands
today, including some ongoing work that provides a theoretical
foundation for possible applications to non-Terran life.

4.1 Ongoing Efforts in Molecular Agnostic

Biosignatures Detection

One of the hallmarks of life on Earth is its ability to produce
organic compounds through multitudes of enzymatic reactions
that act as the machinery of life. However, rather than looking for
molecular biosignatures (e.g., sterols) that require known Terran
enzymes to form, we can instead search for complex organic
molecules that would require enzymatic-type synthesis and are
otherwise unlikely to form through abiotic means alone. Such
enzymatic-type reactions are a result of evolutionary pressures
that funneled life toward preferred molecular pathways that
resulted in the suite of complex compounds observed in life.
This type of “chemical complexity” has been explored by a
number of researchers seeking to determine if there is a
relationship between a chemical structure and the quantitative
efforts (i.e., number of steps) necessary to produce that particular
structure (Wiener, 1947; Rashevsky, 1955; Corey and Wipke,
1969; Bertz, 1981). The idea of chemical complexity (also referred
to as “molecular complexity”) has been widely applied to a
number of fields such as synthetic chemistry and natural
products discovery.

The concept of intrinsic chemical complexity has led to the
possibility that a complexity metric could be a way to compare
abiotic and biotic compounds, and that a certain complexity
threshold for compounds could be used to infer a biogenic origin
(Marshall et al., 2017). “Molecular assembly (MA)” index which
is computationally derived to express the number of types of
operations needed to generate a compound, is a novel
mathematical method that can agnostically determine whether
a certain compound requires information processing systems
(and hence life) to produce. In contrast to previous
approaches, the MA index has provided the first intrinsic
experimentally tractable measure of chemical complexity using
MS (Marshall et al., 2021) (Figure 3A).
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FIGURE 3| Possible agnostic biosignatures detectable using mass spectrometry. (A) Molecular assembly measurements of a molecule, correlated to the number
of fragments in its mass spectra. (B) The uniform distribution of compounds found in non-life versus the discrete distribution of compounds found in life, potentially the
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MA indices deriving from molecular-level information
obtained from MS” spectra (i.e., the number of fragment ions
above certain detection criteria) were shown to predict the
potential  biogenicity of molecules in a variety of
environmental mixtures, including inorganic mineral
samples, biological cultures, extracts of ~14 million-year-old
Antarctic lake sediments, Miller-Urey spark discharge
mixtures, and meteoritic extracts (Marshall et al.,, 2021).
While the utility of this agnostic method was established on
an ESI-Orbitrap MS platform, MA index can be applied to other
types of MS as well; in particular for flight instrumentation with
lower mass resolution when using other separation techniques
and ionization sources to optimize its use for agnostic life
detection.

Drawing on other general biological principles, the ability for
life to replicate on a molecular scale, by transcribing DNA to
mRNA, and translating mRNA to proteins, may be indeed tied to
Terran life, but the use of polymers to perform functional
chemistry and store information may be a common trait of
life in the Universe. This means that rather than looking for
DNA or proteins specifically, we can develop methods that can
detect polymers in general, and design analytical protocols that
can help distinguish between biological polymers and
abiotically-formed polymers. Benner (2017) suggested that
genetic polymers, especially those that are composed of
small, homochiral, repeating monomers (i.e., a molecular
alphabet) and a repeating backbone charge can serve as a
signature of non-Terran life. While no known device currently
exists that is able to observe all of those phenomena, such a task
can be aided by the use of MS. The detection and
characterization of peptides, for example, have been
credited to the advent of MS, including the use of MS"
technologies coupled with LC and MALDI techniques in
proteomic and synthetic polymer analyses (Rappsilber et al,,
2003; Montaudo et al, 2006). Agnostic studies of the
composition of polymers using MS, without a prior
knowledge of the monomer building blocks, is currently in
development for flight mass spectrometers, including the
MOMA instrument suite.

With higher resolution MS, it is also possible to use mass
defects (the difference between the exact mass of a molecule or

atom and its nominal unit mass or atomic mass, respectively) to
uncover the underlying pattern of the polymer in question and
precisely obtain its molecular formula (Fouquet, 2019, and
references therein). This method, known as Kendrick mass
analysis, can only be achieved with highly resolved mass peaks
that allow for the discrimination between repeating mass defects,
and thus the presence of repeating subunits in a sample.
Fortunately, high and ultrahigh resolution MS is the next
frontier of planetary MS exploration; for example, the
MASPEX instrument is capable of mass resolution (m/Am) of
25,000 at 10% peak height (up to m/Am 50,000 FWHM) (Waite
et al,, 2019), and Orbitrap analyzers capable of up to m/Am >
100,000 (FWHM at m/z 100) (Arevalo et al., 2018) are currently
in development for spaceflight applications (Brockwell et al,
2016; Willhite et al., 2021).

Despite a number of avenues that can be explored with
polymer detection using MS, it is critical to note that the
detection of a polymer does not directly indicate the presence
of life. Rather, once a polymer is detected, further analysis is
needed to determine if it can feasibly form abiotically or if it
requires molecular information (i.e., genetic instructions
provided by life-like systems) to form. More research is
needed to establish the compositional differences between
biotic versus abiotic polymers, such as the polymer sequences
or distribution of monomers in those polymers.

4.2 New Theory and Framework in Agnostic

Bioisgnatures Patterns

An underlying mechanism that seemingly drives many patterns
in the molecular composition of life is the usage and recycling of a
relatively small set of chemical building blocks (e.g., acetate as the
building block for the acetogenic lipid biosynthesis, etc.) (Simon,
1962). While life elsewhere may not harbor the exact biological
machineries that have been selected and proliferated by Terran
life, one potential shared property with Terran life is the use of
smaller building blocks to create larger, more abundant
ensembles of macromolecules. This is in stark contrast to the
random and diverse set of compounds found in abiotic
environments (e.g., meteoritic organic matter, etc.) constrained
by rate of formations that are thermodynamically and kinetically
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directed (Sephton, 2005; Schmitt-Kopplin et al., 2010). These
contrasting distributions have been observed in several Terran
examples, such as in amino acid and fatty acid distributions in
biological samples (e.g., terrestrial sediments, soils, and waters,
etc.) compared to abiotic examples (e.g., laboratory synthesis
mixtures, meteorite extracts, etc.) (McCollom et al., 1999; Dorn
etal, 2011; Salter et al., 2021). Because the discrete distribution of
compounds in a biological sample could indicate disequilibrium
processes driving the formation and destruction of molecular
constituents, it is possible such distributions are a signature of life.
This phenomenon, known as the “the Lego principle,” surmises
that biology uses an irregular subset of compounds whereas
abiotic systems generate a continuous spectrum of compounds
(McKay, 2008; Davila and McKay, 2014) (Figure 3B).

The abundances of compounds in biotic versus abiotic
samples could be obtained from quantitative MS measures.
While studies of amino acid or fatty acid abundance
biosignatures rely on specific extraction, separation, and
ionization techniques, agnostic methods that leverage the use
of the Lego principle would greatly benefit from non-targeted
analysis, or suites of MS instruments and coupled separation
techniques that can target as many compounds as possible.
Indeed, LDI techniques, such as pioneered by MOMA, and EI
combined with adequate separation techniques, are particularly
well-suited for non-targeted analysis and can directly and
indiscriminately ablate homogeneous samples.
Chromatography methods that require the compounds to be
extracted, concentrated, and sometimes chemically derivatized
may also be effective in capturing a diverse set of possible
compounds. Combined with statistical analysis, multi-platform
approaches could allow to differentiate between abiotic and biotic
samples without immediate knowledge of the underlying
biochemistry.

Spatial patterns may also serve as agnostic biosignatures.
Specifically, life is a metabolic entity that distinguishes itself
from the background, a property that is likely true for both
Terran life and exotic life. The notion that living organisms are
universally dissimilar from the local environment can lead to a
partition in the elemental composition of biological units (cells).
The Redfield ratio is a classic example of a Terran biogeochemical
regularity that might serve as a target biosignature. However, it is
important to note that how different the elemental ratio in cells is
from the environment depends on a variety of coupled dynamics
associated with environmental inputs and the ecological
assortment of cells (see Kempes et al.,, 2021, for a discussion
and review). Given that life on other planetary bodies may arise
from different starting constituents, it is possible that exotic
biochemistry expresses different elemental ratios based on
different dynamics. In Terran microbial communities, a given
organism’s “sphere of influence” is often on the order of a few
microns (Dal Co et al., 2020; Steinberg et al., 2021), leading to
patchiness and localized enrichment or depletion of biogenic
structures. Extending these observations to an agnostic
framework will require better developed models of how energy
dissipation associated with metabolism creates and degrades
spatial heterogeneities over time. In this context, the use
instruments such as LDI-MS and/or SIMS to resolve spatial
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distribution of elemental or isotopic compositions of surfaces
at cellular scales (um to nm resolution) will become increasingly
important.

The use of SIMS has enabled exceptionally detailed
investigation of paleobiological records of microfossils (House
et al., 2000; Oehler et al., 2010; Oehler and Cady, 2014) as well as
detailed physiological studies of single microbial cells in modern
environments (Musat et al, 2008). The enrichment or co-
localization of certain elements can provide evidence for cells
that are actively scavenging materials to sustain its biomass. The
sequestration of those elements (into biomass or biominerals) in a
nonrandom manner compared to the expected abiotic
background processes (e.g., geochemical precipitation of
minerals) is a consequence of life that is agnostic to the
underlying biochemistry. Thus, it is possible to use techniques
like LDI-MS and SIMS to search for enrichment or co-
localization of elemental materials. For example, elemental
enrichments are readily observable in marine phytoplankton
(Slaveykova et al., 2009). Furthermore, some rare elements
may also be concentrated and at disequilibrium due to the
presence of biological systems that scavenge and concentrate
them for purposeful use, much like the acquisition of P, Fe, or Ni
from the ocean in some marine organisms (Williams and Da
Silva, 2000). The use of SIMS techniques, potentially combined
with particle sorting technologies (e.g., flow cytometry or
microfluidics), could allow for an in-depth investigation of
putative cells on an elemental or molecular level (Feng et al.,
2020).

While life is delineated from its environment in a manner that
is detectable using spatially resolved MS techniques, it is also
important to consider non-biological processes that can also
concentrate certain elements or chemicals, leading to potential
false positive interpretations. For example, in the famous case of
the Allan Hills 84001 (ALH84001) Martian meteorite, scanning
electron microscopy images of carbonate globules revealed the
presence of “microfossil’-like structures containing ordered
magnetic crystals, which were thought to be of biogenic origin
(McKay et al., 1996; Thomas-Keprta et al., 2002). However, upon
investigating the carbonate-rich phases in ALH84001 within a
geologic and petrographic context, it was determined that the
magnetic crystals could form via non-biological processes
(Golden et al., 2001). Furthermore, TOF-SIMS of aromatic
hydrocarbons in the meteorite also provided contextual
evidence necessary to refute some of the earlier interpretations
about the potential biogenic origin of the ALH84001 structures
(Stephan et al., 2003). Therefore, prior to studying elemental and
chemical fractionation processes, it is critical to understand the
potential formation pathways of specific elemental or mineral
phases that is relevant to the sample of interest, to rule out
potential abiotic explanations (Steele et al., 2007, 2016, 2018).

5 THE FUTURE IN PLANETARY MASS
SPECTROMETRY AND LIFE DETECTION

Exciting new advances in agnostic biosignatures research greatly
complement future frontiers in life detection missions. Since the
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Viking era, the astrobiology community has gained an
appreciable sense of conscientiousness regarding how to define
experimental protocols in searching for life on other worlds and
the guiding principles needed to interpret possible return data
(Green et al,, 2021, accepted). Current and planned planetary
missions aim to investigate the physical and chemical
characteristics of other extraterrestrial environments to better
understand planetary formation, evolution, and propensity to
support life. Mission concepts that aim to initiate the search for
familiar and agnostic biosignatures on planetary bodies
(i.e., Mars, Europa, Enceladus) are under development and
have been proposed. For example, one of ExoMars mission
objectives is to search for evidence of morphological and
chemical biosignatures on the surface of Mars, using a
confidence scoring methodology that is based on the
geological context and the quality of the measurements (e.g.,
relative to in situ blank analyses and knowledge of potential
spacecraft contamination) (Vago et al., 2017). Other mission
concepts to Europa have also begun to integrate agnostic
search strategies to account for the presence of potentially
unfamiliar life forms (Mahaffy et al, 2021). In addition,
sample return missions have been proposed for Mars and
Enceladus to leverage the use of multiple instrument platforms
to look for signs of life once the samples are back on Earth
(Muirhead et al., 2020; Neveu et al., 2020; MacKenzie et al., 2021),
especially those that have yet to be miniaturized for flight (e.g.,
nano-SIMS). Because agnostic life detection strategies can be
implemented in near future missions, emerging concepts in
agnostic biosignatures are concurrently being optimized in the
laboratory in order to enhance the science return and increase our
confidence in any future potential life detection measurements.

Selected and proposed planetary missions that will employ
mass spectrometers include those that will visit Mars, Titan,
Europa, Enceladus, and Venus. For example, the Rosalind
Franklin rover, part of ESA’s ExoMars mission, is slated to
collect samples from the subsurface of Mars (down to 2 m),
where protection from damaging radiation and oxidation offers a
potential oasis for the preservation of past or present life (Vago
et al., 2017). Onboard this rover is the MOMA instrument suite
(Goesmann et al., 2017), equipped with dual EI and LDI sources
coupled to an ITMS, with the advanced capabilities to accumulate
ions and fragment them using MS". MOMA can target high
molecular weight compounds (50-1,000 Da) relative to other
high heritage instruments (e.g, the QMS on the SAM
instrument suite is 2-535Da). Agnostic approaches, such as
searching for chemical complexity, are naturally applicable to
MOMA data as it is capable of MS* measurements (Marshall
et al,, 2021). Along with this promising new direction for MS
flight data analysis, it is imperative to formulate mass ion
selection processes for elucidating large compound structures
and determine MA index measurement that can help inform
ground-in-the-loop activities for MS" experiments on MOMA.

A similar instrument to MOMA, the Dragonfly Mass
Spectrometer (DraMS) will explore an even more distant and
stranger world, Titan. This moon of Saturn boasts a captivating
chemosphere, where historical and geological circumstances have
led to a surface rich in (presumably abiotic) organic synthesis,
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resulting in organic haze that blankets the entire moon (Gupta
et al,, 1981). With its mildly reducing atmosphere (primarily
composed of N, and CH,) and constant flux of UV light, cosmic
rays, and energetic electrons from Saturn’s magnetosphere
(Raulin and Owen, 2003), Titan is one of the prime locations
in the Solar System to search for Terran-like prebiotic chemistry
as well as evidence of exotic biochemistry. For example, given the
existence of a non-water solvent on Titan’s surface (liquid
methane and ethane), it is seemingly possible for life with a
completely alternate biochemistry to have arisen (McKay, 2016).
Such life would need to withstand far different physical regimes
than Terran life (e.g., extremely cold surface temperatures
approaching 90 K). Titan has a methanological cycle that
drives dynamic surface processes, leading to the formation of
lakes, rivers, rain, and clouds of liquid methane and ethane that
may contribute to the distribution of organic material across the
surface and atmosphere (Horst, 2017). If undertaken, the search
for “hydrocarbon-based” life on Titan would inevitably
necessitate a less Terran-centric approach.

Given the organically abundant environment, one avenue
would be to search for potential biopolymers on Titan. Several
studies have found repeating patterns in Am within the mass
spectra of Titan’s atmophsere using in situ observations (Waite
etal, 2007; Crary et al., 2009) as well as in Titan haze and aerosol
analogs that could be attributed to polymers (Pernot and
Schmitz-afonso, 2010; Cable et al., 2012), although the
composition and distribution of the monomers as well as the
polymer architecture (e.g., linear or cross-linked) have yet to be
determined (Gautier et al., 2017). Titan haze analogs present an
important laboratory simulant reference sample that can be used
to study the abiotic endmembers of polymers that could be
produced in the Titan environment, and in similar
extraterrestrial environments. Studying the patterns associated
with polymers in MS data will be essential to support the science
of the Dragonfly mission and ongoing scientific work in the field
of agnostic bioisgnatures will enhance the science return upon
data downlink and interpretation.

Closer to home, our neighboring planet Venus, will also be a
near future destination. The Deep Atmosphere Venus
Investigation of Noble gases, Chemistry, and Imaging
(DAVINCI) mission was selected as part of the NASA
Discovery Program, with a major objective to study the
chemical composition of Venus’s atmosphere (Arney et al,
2020) from above the clouds during flybys and the descent of
its probe. Onboard the DAVINCI probe element is a mass
spectrometer, related to the SAM-QMS-based instrument on
the Curiosity rover, capable of in situ measurements of noble
gas species, atmospheric composition, and isotopic analysis.
Venus has recently fueled significant interests from the
astrobiology community, with the putative discovery of
phosphine (PH;) by remote spectroscopy; PH; is a type of
biosignature gas which has been attributed to Terran
anaerobic life (Greaves et al., 2020), although admittedly few
investigations have been undertaken to explore potential abiotic
processes that could also produce this compound. This surprising
detection has subsequently given rise to an ongoing debate
centered around the detection and interpretation of potential
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FIGURE 4 | The miniaturized Orbitrap mass analyzer of the
Characterization of Ocean Residues And Life Signatures (CORALS)
instrument, one of the next generation mass spectrometers currently being
developed for spaceflight. Adapted from Willhite et al. (2021).

PHj signatures in the atmosphere of Venus (Encrenaz et al., 2020;
Snellen et al., 2020; Lincowski et al., 2021). The origin, evolution,
and composition of the Venusian atmosphere is an enigma that
will soon be revealed by DAVINCI. Understanding atmospheric
and planetary processes on Venus could provide important
insight into its history as a potentially habitable inner rocky
planet, and will provide inputs to atmospheric models that will
allow the community to better interpret agnostic biosignatures in
our Solar System and planetary systems beyond our own.

Icy moons of Jupiter, Europa, Ganymede, and Callisto, will
welcome a new mass spectrometer aboard an ESA orbiter mission
scheduled for launch in 2022. The Jupiter Icy Moon Explorer
(JUICE) will harbor the Neutral gas and Ion MS (NIM), which
will make the first direct measurement of the exospheres of
Jupiter’s three icy moons (Grasset et al., 2013; Fohn et al,
2021). The NIM is a TOFMS that can capture neutral
molecules as well as ionospheric ions with a mass range of
m/z 1-650, and a resolution m/Am of ~750 (FWHM) (Fohn
etal., 2021). Detailed investigation of the chemical composition of
the exospheres of these moons not only would shed light on the
potential formation of life or ingredients for life, but may also
reveal how different these moons are from each other and from
other Solar System bodies.

Lastly, several proposed missions are currently under
development for one of the most exciting astrobiology targets
in the Solar System: Europa. The Europa Clipper mission will set
out to investigate the habitability of Europa using the MAss
SPectrometer for Planetary Exploration/Europa (MASPEX)
instrument, a high resolution TOF-MS intending to measure
trace organic compounds at parts per billion levels (Brockwell
etal., 2016) as well as search for evidence of life on Europa (Salter
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etal,,2021). As the community looks ahead to surface exploration
at Europa, instrumental capabilities such as those discussed
throughout this review will be critical to meet the mission’s
scientific goals (Hand et al, 2018). The Characterization of
Ocean Residues And Life Signatures (CORALS) instrument, a
candidate instrument for a Europa Lander mission, comprise of a
solid-state UV laser source capable of active beam scanning and
an ultrahigh resolution Orbitrap mass analyzer, to derive 2D
chemical images of Europa samples (Arevalo et al., 2018; Willhite
etal, 2021) (Figure 4). Such ultrahigh resolution MS instruments
can be used to distinguish polymeric patterns, or chemical
complexity, helping assess the potential biogenicity of samples
indigenous to Europa’s surface or subsurface (via plumes) (Quick
et al., 2013; Jia et al., 2018). In addition, the Europan Molecular
Indicators of Life Investigation (EMILI) instrument suite
combines both liquid processing via capillary electrophoresis
and gas chromatography techniques with an ITMS to provide
the broadest range of chemical targets and concentrations of any
instruments to date (Brinckerhoff et al., 2018, in this special issue).

6 CONCLUSION

Since the dawn of the space age, mass spectrometers have
transformed our understanding of our Solar System, and the
coming decade will usher in yet another revolution in planetary
mass spectrometry. Space agencies around the world are
developing missions to explore enticing planetary targets with
mass spectrometry investigations that could not only improve our
understanding of planetary processes, but also seek evidence of
life beyond Earth. Because life elsewhere may not necessarily
share the same heritage as life on Earth, it is imperative to infuse
agnostic approaches into these future missions. Fortunately, high
heritage mass spectrometers are already capable of conducting
agnostic searches for life on planetary missions. Beyond the
continual drive to improve flight-capable mass spectrometry
technologies, it may also be fruitful to define criteria that
broadly encompass the detection of the universal traits of life,
such as developing statistical frameworks for assessing biogenicity
of putative agnostic biosignatures and benchmarking novel
methods with Earth-based planetary analogs or extraterrestrial
materials in the laboratory. Mission designs having multiple,
independent biosignatures measurements that encompass both
familiar and agnostic biosignatures offer a robust science
strategy for in situ life detection.
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