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Abstract

Organic chemistry is ubiquitous in the Solar System, and both Mars and a number of icy satellites of the outer Solar
System show substantial promise for having hosted or hosting life. Here, we propose a novel astrobiologically
focused instrument suite that could be included as scientific payload in future missions to Mars or the icy moons: the
Complex Molecules Detector, or CMOLD. CMOLD is devoted to determining different levels of prebiotic/biotic
chemical and structural targets following a chemically general approach (i.e., valid for both terrestrial and non-
terrestrial life), as well as their compatibility with terrestrial life. CMOLD is based on a microfluidic block that
distributes a liquid suspension sample to three instruments by using complementary technologies: (1) novel mi-
croscopic techniques for identifying ultrastructures and cell-like morphologies, (2) Raman spectroscopy for detecting
universal intramolecular complexity that leads to biochemical functionality, and (3) bioaffinity-based systems (in-
cluding antibodies and aptamers as capture probes) for finding life-related and nonlife-related molecular structures.
We highlight our current developments to make this type of instruments flight-ready for upcoming Mars missions: the
Raman spectrometer included in the science payload of the ESAs Rosalind Franklin rover (Raman Laser Spectro-
meter instrument) to be launched in 2022, and the biomarker detector that was included as payload in the NASA
Icebreaker lander mission proposal (SOLID instrument). CMOLD is a robust solution that builds on the combination
of three complementary, existing techniques to cover a wide spectrum of targets in the search for (bio)chemical
complexity in the Solar System. Key Words: Prebiotic chemistry—Mars—Icy moons. Astrobiology 20, 1076–1096.

1. Introduction: Detecting the Polymers Building
(Any Form of) Life

Although a precise definition of life remains elusive
( Joyce, 1994; Domagal-Goldman et al., 2016), those

focused on the biochemical composition of living beings are
gaining consensus. Under this perspective, living entities
can be defined as systems out of equilibrium that tend to
be complex and highly organized, being endowed with the
ability to assimilate matter and energy from the environment
and transforming them, thus allowing the growth and repro-
duction of the organism. Two basic principles should inform
the search for life elsewhere: (1) Carbon chemistry in water-
based media might be the only viable option for living sys-
tems; (2) the combination of compartmentation, a metabolic

machinery, and a molecule that is able to be (error-prone)
copied and transmitted to the progeny (reproduction) are
generic requisites for all forms of life (de la Escosura et al.,
2015; Ruiz-Mirazo et al., 2017).

Based on terrestrial life, both amphiphilic molecules and
functional biopolymers (such as proteins, nucleic acids, or
analogous macromolecules) could be involved in the bio-
chemical processes required to maintain such ternary sys-
tems, though alternative and complex enough molecules
could perform analogous functions in extraterrestrial envi-
ronments. Thus, being able to identify (e.g., on Mars or in
the subsurface ocean of the icy moons) functional polymers
more or less related to those performing biochemical func-
tions on Earth would likely constitute compelling evidence
of the existence of present life.
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Carbon is ubiquitous in the Universe and exhibits unique
capabilities to establish stable covalent bonds with other abun-
dant elements (in particular, H, O, N, P and S), thus leading to the
synthesis of millions of organic molecules. Water is also very
abundant in the Solar System as well as in interstellar environ-
ments, shows optimal performance as a solvent, plays an active
role in a number of chemical reactions, offers protection against
radiation, and provides a friendly environment for the carbon-
based chemistry to develop. The suitability of other alternatives
to the carbon chemistry and water solvent as universal ingredi-
ents for life has yet to be demonstrated (Cabrol, 2019), and this
would probably require geochemical environments with differ-
ent physicochemical parameters (P, T, salinity, pH) where other
solvent-based complex chemistries were possible (Schulze-
Makuch and Irwin, 2018). Even in such a case, this chemically
different kind of life would emerge as an increased organization
level of the molecules supporting it.

Compartmentation is a process that allows concentrating
chemicals into a particular niche, separated from the envi-
ronment through a permanent and semi-permeable struc-
ture, which allows a far-from-equilibrium chemistry inside
the compartmented system. Examples of membrane-based
compartments include vesicles, rods, liposomes, and other
cell-like structures that account for chemical organization
and system individualization (Monnard and Walde, 2015).

In turn, metabolism is a network of chemical reactions
that allow gathering material resources and energy from
the environment and transforming them to allow self-
maintenance of the whole system. It requires the intercon-
version of a repertoire of organic molecules, which could be
achieved by a complex enough prebiotic chemistry that in-
cluded catalytic species or mineral surfaces, before the ad-
vent of a primitive metabolism already based on enzymatic
activities (Peretó, 2005; Ruiz-Mirazo et al., 2014).

Finally, the template-based replication of an information-
bearing macromolecule is also required to transmit the

‘‘blueprint of the system’’ to the progeny. Interestingly, the
mutations and other kinds of molecular rearrangements in-
troduced during the copying process lead to a certain degree
of diversity in the offspring that will ultimately allow the
open-ended evolution of the whole system (Szathmary,
2006; Pressman et al., 2015). The self-reproduction of such
a compartmented system endowed with metabolism and
template replication relies on the combined functionalities
of complex polymers and other macromolecules, which
must show enough conformational plasticity to allow the
noncovalent interactions involved in ligand binding and
catalysis (Orgel, 1992; Mansy et al., 2008).

Besides the growing repertoire of low-molecular-weight
(MW) compounds detected by astrochemistry in the harsh
conditions of the interplanetary and interstellar space, as
well as in meteorites and cometary nuclei, only a limited
number of complex organic molecules, showing recalcitrant
structures (e.g., polycyclic aromatic hydrocarbons [PAH]),
have been found (Bernstein et al., 1999; Siebenmorgen and
Krügel, 2010; Pizzarello and Shock, 2010; Goesmann et al.,
2015; McGuire, 2018). In turn, certain planetary environ-
ments may allow carbon chemistry to expand and diversify
in such a way that a high number of organic compounds can
be formed, differing in molecular size, structure, and/or
complexity (Fig. 1).

However, in the mild and wet environment provided by
some planets and moons, the chemical complexity of the
synthesized molecules is limited by their solubility or even
by intramolecular hindrance constraints, as well as by their
stability in such water-based media. On the early Earth, a
pathway was opened that allowed molecular size and com-
plexity to increase: the oligomerization and eventual subse-
quent polymerization of a certain kind of monomeric building
blocks (Ruiz-Mirazo et al., 2014, and references therein).

Polymers of this kind include, in terrestrial biochemistry,
peptides and proteins, nucleic acids (ribonucleic acid [RNA]

FIG. 1. Size versus complexity in the molecular world leading to life. Left: The case for terrestrial life. Red triangle:
Harsh space environments only permit simple, highly radiation–resistant molecules, as well as rigid poly-aromatic hy-
drocarbon structures. Blue rectangle: Mild proto-planetary and unprotected planetary environments favor the formation and
stabilization (i.e., the acquisition of a longer half-life) of biomolecules, thus increasing the complexity of the available
chemical repertoire. Green rectangle: More protected and stable environments of planets or satellites allow the formation
and stabilization of homo- and heteropolymers, whose 3D structure in solution, based on noncovalent interactions, confers
them conformational plasticity and functional capabilities. This can allow the systems to undergo self-assembly and self-
organization processes, including those leading to the formation of the compartments required for life. Right: The suggested
case for a ‘‘generic life’’ involving other biomolecules that might be stable and chemically functional under different
physicochemical conditions. Color images are available online.
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and deoxyribonucleic acid [DNA]), or oligosaccharides.
Polymeric macromolecules open a universe of new chemical
and structural possibilities based on noncovalent, supramo-
lecular interactions that include hydrogen bonds, Van der
Waals forces, and electrostatic and hydrophobic interactions
(Lehn, 1995). On the Earth, polymers such as proteins and
RNA add new properties to the chemistry of their mono-
mers: They are flexible, can fold and unfold based on the
physicochemical features of the environment (including T,
pH, ionic strength, and concentration of divalent cations),
can behave as charged polyelectrolytes, can adopt alterna-
tive conformations as a function of the intramolecular net-
work of weak interactions available, can interact with other
polymers (of either the same or different kind) to form mac-
romolecular assemblies, and can create new microenviron-
ments that allow (bio)chemical reactions to take place by
lowering the required activation energy (i.e., they can be-
come catalysts) (Benner, 2017).

Therefore, polymerization of the building blocks achieved
by prebiotic chemistry allowed the synthesis of macromole-
cules endowed with enough conformational plasticity to in-
teract with each other and to form new structures and
compartments, thus establishing the biochemical networks
that are required for life to originate and evolve.

Specific planetary environments can allow chemical sys-
tems to increase in complexity, including molecular size,
structure, and functionality of the molecules, as well as the
number of interactions established among the individual
components (Cockell et al., 2016). The search for extrater-
restrial life should be reasonably based on the assumption
that its underlying biochemistry may be different from what
we know on the Earth. Thus, how to detect signs of life
eventually present in favorable environments in the Solar
System is still an open question (Cabrol, 2019). It is cur-
rently straightforward to detect and recognize terrestrial life
(e.g., in extreme environments on our planet), because we
already know its main molecular features. Therefore, the
identification on other planets or satellites of any low MW
biomolecule, biopolymer, or structural component equal to
those produced by living beings on the Earth would be
considered as evidence consistent with life as we know it.

This might also be the case if cell-like morphologies of
carbonaceous composition known in terrestrial microor-
ganisms are detected, though being aware that a number of
‘‘abiotic biomorphs’’ can be chemically formed in the ab-
sence of any biological process (Rouillard et al., 2018).
However, we would have enormous difficulties to identify
other nonterrestrial-like life, even using well-equipped lab-
oratories and trained personnel, if their biochemistry differs
from known life. Thus, the key questions become the fol-
lowing: (1) How could we recognize other self-sustaining
chemical systems capable of Darwinian evolution if their
biochemistry is different from that of terrestrial life?; (2) Is
there any generic physicochemical feature or set of features
we can detect and measure that could shed light about its
biogenicity?; and (3) How difficult is such an ambitious task
using only remote exploration on other planets and moons?

Searching for unequivocal signs of life in planetary con-
texts is a major objective for the space science and astro-
biology communities, and thus the main space agencies
support this objective in their current programs of planetary
exploration through several missions. Regrettably, the ex-

ploration of the Solar System so far has involved just one
true ‘‘search for life’’ mission: the Viking landers on Mars
nearly 50 years ago (Klein et al., 1976). Although some
of the upcoming missions to Mars (NASA’s Perseverance
rover in 2020 and ESA’s Rosalind Franklin rover in 2022)
or Europa (ESA’s JUICE and NASA’s Europa Clipper) have
the capability to detect molecular biosignatures for past
or present life, interpreting these missions’ data is not easy
and, particularly for the case of extant life (Box 1), a much
better job can be done by using (1) an extraction method that
is less chemically aggressive than pyrolysis and (2) a more
selective analytical technique for molecular identification.

Up to now, the instrumentation devoted to the detection
of organics in planetary exploration has been mostly based on
the identification of either volatile compounds using gas
chromatography/mass spectrometry (GC/MS) or some spec-
troscopic organic signatures. After the Viking landers’ GC/
MS, three instruments have focused mainly on the analysis of
organic molecules on Mars: NASA’s Phoenix Thermal and
Evolved Gas Analyzer (TEGA), the current NASA MSL
Sample Analysis at Mars (SAM) instrument suite, and the
future ESA ExoMars Mars Organics Molecule Analyzer
(MOMA) onboard the Rosalind Franklin rover (Table 1).

2. Strategies for In Situ Detection of Different Levels
of (Pre)biotic Chemical and Structural Complexities

Similar to previous missions capable of searching for
chemical evidence for life on Mars (Fig. 2), we also propose
with Complex Molecules Detector (CMOLD) to explore for
chemical biosignatures that combine fundamental biological
properties connected to the environment, including chemical
disequilibria, distribution of patterns of structurally related
compounds, isotopic signatures indicative of the dominance
of catalysis in biochemistry, and concentration of chemical
monomers that are dictated by their usefulness in the pro-
cesses of adaptation (e.g., amino acid type, enantiomeric
excess of certain monomers, or presence of lipids, among
others) (Neveu et al., 2018).

Within this framework, we propose to focus on the
identification and characterization of the eventual (bio)-
chemical complexity developed on the planet or satellite
under study, by using a general chemical approach that also
allows the detection of different biomonomers, biopolymers,
and cell-like structures that are common to all known ter-
restrial life. By being capable of detecting these distinctive
levels of chemical organization and complexity, it becomes
possible to infer a highly advanced and mature prebiotic
chemistry or even an active biochemistry operating in a
given extraterrestrial life.

The detection of (bio)chemical complexity would be
based on the measurable parameters specified in Table 2.
Given this novel framework for searching for (chemical
evidence for) life, we propose the following three key goals
for a hypothetical mission designed to search for universal
features of life: (1) searching for signs of higher-order or-
ganization and/or compartmentation of chemical systems;
(2) searching for complex carbon-based chemistry and signs
of potential conformational plasticity of polymeric mole-
cules based on noncovalent interactions; and (3) searching
for biomolecules (both low MW compounds and polymers)
to compare with those of terrestrial life.
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Such goals can be addressed by identifying several key
parameters with specific technologies: (1) Morphologies
compatible with potentially compartmented biochemical
systems can be recognized by optical microscopy techni-
ques. (2) Covalent bonds between carbon and other ele-
ments (such as C-C, C-H, C-N, C-O, C = O) can be detected
through their Raman spectroscopic vibration features. In
addition, the existence of intramolecular and noncovalent
bonds (hydrophobic interactions, hydrogen bonds, Van der
Waals forces, and electrostatic interactions), which are
characteristic of polymeric molecules, can be also inferred
using the same technique, by accessing the low-frequency
spectral range. And (3) molecules and chemical structures
belonging to either the Complex Prebiotic Chemistry
or Complex Bio-Chemistry stages of the transition from
chemistry to biology can be identified with the use of
bioaffinity-based biosensing platforms (e.g., antibody- and
aptamer-based biosensors).

3. Concept of the CMOLD Instrument Suite Design

To fulfill the ambition for in situ detection of different
levels of (pre)biotic chemical and structural complexities in
selected bodies of the Solar System, we propose an instru-
ment suite based on a microfluidic block that distributes a
sample in liquid suspension to the three technologies men-
tioned earlier and is detailed in the next paragraphs.

3.1. Microscopy

3.1.1. Goals and challenges of microscopy in space
exploration. The first and most obvious instrument to be
included in the proposed suite is a microscope that is able to
resolve evidence for life at sub-micron length scale. The use
of microscopy in space exploration requires very fast, robust
measurements, ease of use, and contactless systems. So far,
only a few microscope instruments have been included in
Mars exploration missions: the microscope on the 2003
Mars lander in ESA’s Beagle 2 mission, with a resolution of
circa 4 mm/pixel with a depth of field of 40 mm (Thomas
et al., 2004); the optical microscopy of the MECA instru-
ment on board NASA’s 2007 Phoenix lander, with a max-
imum resolution of 16 mm/pixel and a field of view of
2 · 2 mm (Hecht et al., 2008); and the Close-UP Imager
(CLUPI) instrument included on ESA’s 2022 Rosalind
Franklin Mars rover, which will offer a maximum resolution
of 7 mm/pixel at a distance of 10 cm from the target ( Josset
et al., 2017). Aiming for resolutions below 1mm, those rel-
evant for the detection of cell-like structures, is therefore
already an identified challenge.

The microscope should be able to detect structures that
are 0.5 mm or larger, a size chosen based on cell-size dis-
tribution of microbial life in Earth’s ocean and polar brines
(with a diameter ranging from 0.2 to 3 mm). Also, 0.5 mm is
the average of Ross Sea bacterial and archaeal sizes (La
Ferla et al., 2015), though ultra-small cells have been re-
ported in Antarctic lakes as a result of environmental stress
or life cycle-related conditions (Kuhn et al., 2014).

In microscopy techniques, the main goal is to get as much
information as possible from the images of the sample,
ideally with a very high resolution and contrast sensitivity.
Limitations are self-evident, especially for an instrument in
space, as performance comes at a cost in complexity and

Box 1. Missions to Mars

with an Astrobiological Relevance

The two NASA Vikings, which landed on Mars in 1976,
were the two first landers on Mars and they had a clear
ambition to detect life. Three experiments were onboard
that focused on detecting potential metabolic activities.
The Labeled Release experiment tried to detect some
metabolism activities in a regolith sample, mixing it with
a solution that contained nutrients doped with 14C. The
Pyrolitic Release experiment used an atmosphere of CO2

also with14C: After some time, the gases were removed
and the sample was volatilized to check whether the 14C
had been somehow absorbed by microorganisms. The Gas
Exchange experiment analyzed the gases given off by a
moistened soil sample in a helium atmosphere. The
Labeled Release gave positive results (not conclusive, as
some abiotic reactions could have produced similar
results). The Pyrolitic Release showed some evidence for
organic synthesis that has never been fully explained,
whereas Gas Exchange produced O2 when the soil was
moistened, which was not considered a biological
process.

NASA’s Phoenix landed close to Mars’ north polar cap in
2007, taken with two instruments devoted to perform
chemical analysis of soil samples. The TEGA detected
gases released during the heating of a sample by mass
spectrometry. The MECA allowed the observation of
samples by optical and atomic force microscopy, and it
determined the pH, conductivity, redox potential, and
abundance of minerals such as magnesium and sodium
cations or chloride, bromide, and sulfate anions.

NASA’s Mars Science Laboratory (Curiosity rover) is on
Mars since 2012 and is equipped with a GC/MS and a
tunable laser spectrometer, with a set of ovens to
volatilize soil samples. The SAM has also a nonpyrolysis
mode using MTBSTFA derivatization. Their goals are,
among others, determining the organic carbon inventory
as well as the chemical and isotopic state of lighter
elements. The MSL has already detected organic carbon
formed in situ in Gale crater, including ion fragments
typical of aliphatic and aromatic hydrocarbons as well as
chlorobenzene, dichloroalkanes, and thiophenes.

SHERLOC will land on Mars in 2021 onboard
NASA’s Mars 2020. It is a DUV resonance Raman and
fluorescence spectrometer that is capable of detecting
organics that show natural fluorescence, organic radicals
(aromatic and aliphatic), and even some potential
biosignatures.

ESA’s Rosalind Franklin will land on Mars in 2023 with
two instruments that are especially relevant in astrobi-
ology. The MOMA is a GC and laser desorption with a
linear ion trap MS. It is devoted to the identification of
refractory organic substances, as well as chiral and
isotopic composition. The MOMA has also a nonpyr-
olysis mode using TMAH, DMF-DMA, and MTBSTFA
derivatization. The RLS has two goals related to life
detection: (i) identifying organic compounds, and (ii)
identifying mineral products and indicators of biological
activity (related to biomineralization processes).

DUV = deep ultraviolet; GC/MS = gas chromatography/mass
spectrometry; MOMA = Mars Organics Molecule Analyzer; RLS =
Raman Laser Spectrometer; SAM = Sample Analysis at Mars;
TEGA = Thermal and Evolved Gas Analyzer.
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size. Further, just increasing the instrument imaging reso-
lution may not be sufficient, due to the fact that information
on chemical composition of the imaged feature, as well as
its eventual growth or dynamics, would be necessary for
assessing its biological origin. In this context, the main
performance requirements for any microscope are to be able
to provide information on size, shape, and mobility of the
particulates detected. Conventional optical microscopy is,
nevertheless, limited in resolution by the wavelength of the
light that illuminates the sample. Other microscopy tech-
niques, known as super-resolution microscopy (Stockert and
Blázquez-Castro, 2017), can reach resolutions of fractions
of the illuminating wavelength, but they represent a huge
increase in complexity and require high processing power.

3.1.2. The microscope in CMOLD. The main caveat of
microscopy for life detection missions is that morphology
alone could not provide definitive criterion for biogenicity
of life on another planet not known a priori to be inhabited.
CMOLD will cope with this challenge in two ways. First,
microscopy in CMOLD will be used in combination with
other techniques, such as Raman spectrometry, that will help
us to determine the chemical composition and structure of
the samples. Nadeau et al. (2018) already pointed out that
even the best optical instrument will likely need to be cou-

pled to additional instruments to eliminate ambiguity be-
tween the abiotic and biotic origin of relatively complex
chemical structures. Second, microscopy in CMOLD will
be able to discriminate very efficiently not only between
rounded forms and those contained in vesicles but also
between static and mobile organisms, thus allowing differ-
entiation between indicators of geological or biological
activity.

Our microscope as part of CMOLD will be configured in
a fixed focus arrangement that ensures the depth of focus to
avoid complex mechanisms and moveable parts to bring
the specimen into focus. Digital holographic microscopy
(DHM), a new method that digitally implements the holog-
raphy principle, is particularly suitable for CMOLD. With
the current power of computer systems and the rapid de-
velopment of digital cameras, recorded holograms can be
interpreted numerically at video frequencies to simultane-
ously provide: (1) phase information, which reveals the
surface of the object with vertical resolution at nanometric
scale along the optical axis; (2) intensity values, as obtained
by a conventional optical microscope.

The main advantage of the DHM technique lies in the use
of the so-called off-axis configuration, which allows all in-
formation to be captured by a single image acquisition, that
is, typically in the order of microseconds, and can be

Table 1. Different Analytical Methods and Instruments Used (Light Gray)

or Proposed (White) for Organic Detection in Planetary Exploration

Method Implementation Sample Target Size References

Heating
and pyrolisis

GC-MS (Viking,
Cassini-Huygens),
TEGA (Phoenix),
SAM (MSL),
COSAC
(ROSETTA)

Volatiles and
evolved gases

Elemental, gases,
PAHs, aliphatic
hydrocarbons

Elemental to
500 Da [12–200
(Viking), 2–146
(Cassini)]

Novotny et al.
(1975),
Niemann
et al.
(2005)

Derivatization
with MTBSTFA

SAM (MSL) Volatiles and
evolved gases

Carboxylic acids,
nucleobases, and
amino acids

Elemental to
500 Da

Mahaffy et al.
(2012)

Derivatization with
MTBSTFA,
or chiral
derivatization with
DMF-DMA

MOMA (ExoMars) Volatiles and
evolved gases

All kinds of heavy
molecules,
enantiomers, and
low-level amino
acids

Elemental to
500 Da

Goesmann
et al.
(2017)

Water/solvent
extraction+
volatilization

Capillary
electrophoresis/
UREY

Volatiles from
extracts

Amino acids,
nucleobases, and
PAHs

Up to 500–600 Da Aubrey et al.
(2008)

Laser desorption Laser desorption
LD-MS/MOMA
(ExoMars)

Desorb neutral
and ionized
molecules

Oligo and small
polymers

500–2000 Da Evans-Nguyen
et al. (2008)

Microscopic
structures

Microscope Image
MECA (Phoneix),
CLUPI (EXoMars)

Solid surface Microstructures Cells, colonies,
and vesicles

Pullan
et al. (2008)

Spectrometric IR Raman
Spectrometers/
RLS (ExoMars)

Solid surface Chemical bonds,
pigments

Any Rull
et al. (2017)

Bioaffinity Biosensor (Ab- and
Ap-specific probes)

Liquid
suspension

From amino acids,
polymers, to
whole cells

100 Da to kDa Parro
et al. (2011)

Our concept scheme (dark gray) is a robust and compact instrument suite that assembles three complementary techniques to cover a wide
spectrum of targets.

Ab = antibody; Ap = aptamer; GC-MS = gas chromatography/mass spectrometry; IR = infrared; MOMA = Mars Organics Molecule
Analyzer; PAH = polycyclic aromatic hydrocarbon; RLS = Raman Laser Spectrometer; SAM = Sample Analysis at Mars; TEGA = Thermal
and Evolved Gas Analyzer.

1080 FAIRÉN ET AL.



monochromatic and with low bit depth. These extremely
short acquisition times make DHM systems insensitive to
vibrations and allow the acquisition of images with enough
quality at a frame rate that makes it possible to observe mo-
bile biological specimens. In addition, the technique pro-
posed does not require a focusing mechanism nor digitally
processing onboard, since the reconstruction of the object
can be achieved digitally on the Earth by analysis of the
interference pattern. Indeed, processing and compressing
data onboard will be implemented if needed in case the mis-

sion can only achieve a modest data relay rate to the Earth,
for example, from a distant jovian or saturnian moon. All
these advantages make DHM a very promising technique for
CMOLD (Alm et al., 2013).

Another technique that can be implemented and assessed
in CMOLD is based on the complementation of the conven-
tional microscope with a digital micro-mirror device (DMD)
in the illumination path (Fig. 3, left). Arbitrary patterns can
be created on the DMD and projected onto the sample. This
patterned illumination can be used to improve lateral and

FIG. 2. List of Mars exploration missions carrying payload instruments focused on organic and chemical detection of
(bio)molecules. Pathfinder and MERs are not mentioned, as missions to other planets or moons are not included, because
their payload was not intended to detect organics. See additional details in Box 1. Color images are available online.
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axial resolution over the resolution of a wide-field micro-
scope, as well as to reduce the incoming illumination dose.
Different illumination patterns require specific reconstruc-
tion strategies and result in an image quality similar to that
of confocal or structured illumination microscopy (Dan Dan
et al., 2013). Other techniques for illumination patterning,
such as diffractive optical elements, can also be considered
for CMOLD.

The ability of the DMD to work at high speed can also be
explored to modulate the illumination light field, by pro-
ducing optical trapping effects that can be used to further
manipulate the particles under observation, fixing them in
the focal plane, or rotating them. Besides optimizing the
imaging process, such an ability to modulate illumination
can also be used to further explore the information carried
by the scattered radiation.

The analysis of the mobility of the particles in the sample
will be achieved by acquiring several images at reasonable
video rates, and searching for differences between those
images, therefore discriminating between static (maybe with
Brownian motion patterns) and motile components within
the sample. The capture of the images at video frequen-
cies can be stored onboard and transferred to the Earth for
postprocessing and analysis, based on the reconstruction of
the object from the interference pattern by a digital holo-
graphic technique. The images can be monochromatic with
a low level of digital output.

We suggest that the baseline parameters to be included in
the wide-field microscope with phase-contrast capability in
CMOLD (Fig. 3, right) should be as follows: (1) a sample
illumination device, sharing the same light source as
the Raman spectrometer (monochromatic laser excitation
Z = 532 nm); (2) fixed-focus infinity-corrected objective; (3)
large numerical aperture (NA) of 0.75; (4) resolution: better
than 500 nm; (5) field (for a 40 · magnification of view of
250 · 165mm); and (6) a 2K · 2K charge-coupled device
(CCD) or CMOS monochromatic imaging device.

3.2. Raman spectroscopy

3.2.1. Goals and challenges of Raman spectroscopy in
space exploration. A Raman spectrometer will fly on a plan-
etary mission for the first time with the Rosalind Franklin
(Rull et al., 2017) and Mars 2020 (Beegle and Bhartia,
2016; Wiens et al., 2017) rovers. Such an instrument has
been used extensively in the laboratory in recent decades
and more recently during field campaigns. A Raman spec-
trometer working at frequencies from 15 to 1800 cm-1 can
detect signatures of organic molecules of different sizes and
complexities, including the presence of weak noncovalent
bonds (ionic, Van der Waals, hydrophobic, hydrogen bonds)
in biopolymers and their aggregates, and in particular the
secondary and tertiary structures that account for the func-
tionality of proteins and nucleic acids, with a spectral res-
olution of 1 cm-1 (Maiti et al., 2004).

Recent advances in microfluidic systems allow minia-
turizing and integrating various processes involved in
biological analysis and chemical engineering. These ad-
vances have led to the development of new systems of lab-
on-a-chip devices for analyzing traces of organic substances.
In such miniaturized systems, interfacial phenomena have
a noticeable effect on the liquid’s flow structure and
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chemical properties due to the large surface-to-volume ratio
(Persichetti et al., 2017). Thus, using the Raman scattering
from molecules inside micro channel paths, it is possible to
analyze the chemical contents of different substances.

One identified challenge when using Raman spectroscopy
for looking for signs of life in planetary missions is the
masking of biogenic molecules by inorganic ions (e.g.,
Böttger et al., 2012, see section 4.1). To resolve this prob-
lem, a previous dedicated analysis of the region to be
studied is a necessary task to be carried out before the an-
alytical instruments arrive at the place of interest. Based
on the results obtained predeployment of instruments, the
mineral compounds expected to be found and all other re-
lated geo-chemical processes in the area will be analyzed.

In addition, decades of exploration in terrestrial analogs,
including Raman studies, have demonstrated that, when
biogenic traces are found in mineral samples, their propor-
tion is quite low with respect to the main mineral com-
position. This is why several different spots on the same
sample should be analyzed to put the results obtained into
context. Finally, to maximize the science return, some
dedicated algorithms for improving all spectra obtained with
the Raman instrument need to be included, such as fluores-
cence removal, integration time optimization, and baseline

adjustment. All these onboard operation tools will enable
the Raman instrument to obtain much cleaner and more
interpretable spectra, reducing masking effects or ambigu-
ous results.

3.2.2 Raman spectrometer in CMOLD. A typical Raman
spectrometer is composed of three main subsystems: (1) a
laser for exciting the sample; (2) two separate optics sys-
tems: first, a focusing optics system for concentrating the
optical signal at the required irradiance on the sample, and
second a collecting optics system for capturing the Raman
signal; and (3) a spectrometer to measure the peaks that
allow the identification of bands or spectral features of the
sample.

3.2.2.1. Laser. The Raman spectrometer to be included in
CMOLD will be equipped with a 532 nm pumping laser for
exciting the samples. We have developed and validated a
laser for space applications (Fig. 4, top left), in which is part
of the Raman Laser Spectrometer (RLS) instrument onboard
ESA’s Rosalind Franklin rover (Rull et al., 2017), as well as
the RAX (RAman spectrometer for MMX) instrument for
JAXA’s MMX (Martian Moons eXplorer) mission. The
laser generates a 532 nm monochromatic beam of exciting

FIG. 3. Left: Baseline wide-field optical microscope with phase-contrast capability. In the dashed box, details on eventual
implementation with DMD for the illumination section to project arbitrary patterns on the sample and improve the
resolution. Right: Example of a DIHM system consisting of a laser source (central wavelength at 450 nm) whose beam is
focused by a microscope objective (20 · ) in a 2 mm diameter pinhole (used for spatial filtering purpose). The sample under
test is placed after the pinhole. The laser beam undergoes a phase shift when reflected by the presence of eventual particles
within the sample, creating a reference beam. All the beams interfere and create a holographic pattern that is detected by a
CMOS detector. This pattern can be processed to detect location, sizes, and number of particles, among other parameters.
DMD, digital micro-mirror device. Color images are available online.
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photons with 0.6–1.2 kW/cm2 irradiance on the sample, lim-
ited to 0.3–0.6 kW/cm2 in the RLS instrument to ensure
compatibility with other instruments on the rover, particu-
larly MOMA, covering an illuminated total volume of
50 · 50 · 50mm, which is highly appropriate for microfluidic
applications. We selected the 532 nm excitation wavelength,
because most of the recent studies and comparative data-
bases in terrestrial conditions use this excitation wavelength
(Wang, 2012), which is now included as standard configu-
ration in research and miniaturized equipment.

Some authors have also used ultraviolet (UV) excitation in
biochemical applications (Asher, 1993; Sapers et al., 2019),
due to the fact that many biomolecules have chromophore
groups that absorb the UV wavelength; thus, the limit of
detection and quantification can be increased when resonance
conditions are fulfilled (Resonant Raman Scattering [RRS]).
This technology is also the basis of the SHERLOC instrument
(Scanning Habitable Environments with Raman & Lumi-
nescence for Organics & Chemicals), included in NASA’s
Perseverance rover (Beegle and Bhartia, 2016).

This configuration is not yet widespread in terrestrial
applications, and the number of relevant studies is still
limited. In addition, the interpretation of the RRS spectrum
is usually more complex than that of the conventional Ra-
man spectrometer, since the increase in spectral intensity is
highly selective, as it occurs only for those molecules that
are able to become resonant with the incident excitation.
Therefore, although it is possible that very strong Raman
signals might be detected for certain molecules using RRS,
molecules that are not resonant would not be detected at all.

3.2.2.2. Optics systems. In the proposed instrument suite
CMOLD, the laser light is guided to the liquid sample by
means of a fiber optics bundle that, in combination with a
special focusing optics system (Fig. 4, top right), will con-
centrate the light directly within the microfluidic channel.
This Raman optical head is based on a transmission concept,
in which the pumping laser is located in the focal point of a
collimated lens that injects the 532 nm beam to the internal
flow channel through an aspheric optical system.

FIG. 4. Top left: Laser head unit of the Raman spectrometer (based on the RLS instrument onboard ESA’s Rosalind
Franklin mission). Top right: Optical head of the Raman spectrometer. Bottom: Raman spectrometer designed at INTA-
CAB for the ESA’s Rosalind Franklin mission. RLS, Raman Laser Spectrometer. Color images are available online.
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The advantage of this strategy is that the Raman scat-
tering of the material that covers the cell can be practically
excluded in all cases. The pumping path incorporates a
special band-pass filter that allows transmission of only the
532 nm wavelength, while blocking the 1064 nm (first har-
monic) and the 808 nm (corresponding to the pumping
system) wavelengths. The focusing optics concentrate the
beam on the cell containing the sample, thus producing an
increase in the irradiance to obtain enough intensity of the
Raman signal. Several tests aimed at determining the de-
tection capability of the Raman technique on fluids
have been completed with different models of the RLS in-
strument. These tests not only demonstrated the capability to
detect low concentrated perchlorate dissolutions (up to 0.02
M) but also showed the capability to determine the molarity
of the measured sample, since the instrument response was
linear with concentration (Moral et al., 2019).

The collecting path should be designed considering the
refractive index of the microfluidic liquid to get an NA close
to 0.85 (immersed lenses). This path is then collimated by a
spherical microlens. In this optical system, a minimum of
two BragGrate� filters will be used for getting an ultra-low
frequency Raman spectrometer with a minimum range of
15 cm-1, which is appropriate to study 3D features of bio-
logical polymers (Ronen et al., 2018). These filters should
be tilted nearly 20� to obtain the high rejection factor re-
quired to ensure the closest spectral range to the pumping
wavelength.

The subsequent optical system (NA adapting optics in
Fig. 4, top right) allows adapting the final 0.22 NA required
by the optical fiber to transport the spectral flux to the
spectrometer, thus diminishing the loss of signal as much as
possible. To excite higher volumes of liquid suspension on
the microfluidic channel and to get a faster analysis of the
sample, it is possible to incorporate some cylindrical lens on
both, focusing and collecting systems. The plan is to in-
corporate anamorphic projection lenses on both optical
paths to access larger illuminated areas on the microfluidic
channel of the order of 50 · 400mm (as a target).

Using a fiber optics bundle, the collected light can be
directed toward a small spectrometer that collects the
Raman peaks of the sample on the detector. The Raman
signal is much lower than the Rayleigh-scattered signal
onto the CCD detector, because the probability of inelastic
collisions is only *10-8. In general, the wavenumber shifts
are independent of the frequency of the incident light but,
to have a good SNR on the electronic chain, the 532 nm
wavelength is considered optimal.

3.2.2.3. Spectrometer. A spectrometer is required in
CMOLD for recording the Raman spectrum of the potential
biomolecules contained in the sample. This technique is
well established, and we have developed small spectrome-
ters (already on ESA’s Rosalind Franklin rover, ready to be
launched in 2022), based on volume holographic grating
(WHG) with a spectral resolution of 0.2 nm in the range
from 535 to 675 nm wavelength (Fig. 4, bottom) (Rull et al.,
2017). The Raman spectrometer to be included in CMOLD
will contain a 2048 pixel detector, a built-in 16-bit digi-
tizer, a USB 2.0 interface, and a cooled (the temperature can
be easily regulated and maintained by means of a thermo-
electric cooler device) CCD for higher dynamic range. This

would produce significantly reduced dark counts and the
long-term operation stability indicated for low-light level
detection and long-term monitoring applications, thus being
ideal for in situ planetary exploration.

The spectrometer should be adequate for most Raman
applications with spectral configurations from 200 nm to
1050 nm, with resolutions between 0.2 and 4.5 nm, respec-
tively. The advantage of using this kind of spectrometer is
that it can be modified to obtain the range from 15 to
3800 cm-1. This configuration would allow recording some
additional carbohydrates (C-H stretch) and hydrogen-
bonding-based (O-H stretch) features in the potential bio-
polymers in the analyzed sample. However, such spectral
features are less specific than the amide bands.

The incorporation of a second spectrum channel, that is, a
second fiber displaced laterally with respect to the central
one, can produce a second Raman line to be acquired in the
CCD. This approach allows analyzing two regions of the
microfluidics system at the same time, if required, or it can
be used to compare two Raman spectra with different con-
centrations of components to select a differential Raman
technique. In any case, the classical Stokes solutions will be
studied, as they are more intense than those obtained with
the anti-Stokes alternatives. Water-based solutions do not
significantly affect the Raman signal (though they disturb
the infrared spectra), thus the proposed analysis of bio-
molecules in microfluidic devices can share the spectra
database already built for the analysis of solid samples in the
RLS instrument onboard the Rosalind Franklin rover.

3.3. Biosensor for biomarker detection

3.3.1. Goals and challenges of biomarker detectors in
space exploration. The instrumentation deployed on plan-
etary exploration missions for the detection of organic
molecules (only on Mars, so far) has been primarily based
on the analysis of heat-extracted volatile compounds (GC/
MS) (Klein et al., 1976; Cannon et al., 2012; Ming et al.,
2014), a methodology that, due to its limited sensitivity,
may be blind to the presence of low levels of organics
(Navarro-González et al., 2006; Montgomery et al., 2019).
We note, however, that SAM and MOMA have a non-
pyrolysis mode, that is, derivatization with MTBSTFA.
Regardless, the taphonomy of parent molecules is often lost
when using the highly destructive pyrolysis approach. We
propose here the alternative strategy of flying a biomarker
detector equipped with a bioaffinity-based sensor that is
capable of detecting life-related and nonlife-related organic
molecules with a wide range of specificities, using liquid
suspensions of the powdered samples under study.

The goal of the biomarker detector would be screening for
chemical species of different size and complexity, including
prebiotic (i.e., nonlife-related) universal organic molecules
and others that are comparable (even highly similar) to
molecular biomarkers of terrestrial-like life. The most ob-
vious identified challenge of biosensors, particularly im-
munosensors, is that they are highly specific. However, they
may also have a relatively high versatility to recognize
structures that are similar and universal for different life-
forms, such as the d or l chemical group on the aromatic
amino acids (Kassa et al., 2011; Moreno-Paz et al., 2018),
or hydrophobic stretches of proteins (regardless the aa
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sequence). Also, it is possible to produce antibodies (Abs) or
aptamers (Aps) to detect xenobiotic (nonlife derived) mol-
ecules.

It is true that having relaxed-specificity binding in the
biosensing receptors hinders information about the precise
molecules they are detecting, but at least the biosensor will
infer the type of molecules and their relative size by using a
‘‘sandwich-type’’ assay. By means of combinatorial chem-
istry and bioinformatics, it is possible to infer the most
probable combinations of the chemical structures, compar-
ing them with known prebiotic chemistry and developing
specific sensors (Abs or Aps) for their detection.

Our biosensor approach in CMOLD is the best comple-
ment to GC/MS and Urey-type instruments. On one hand,
although GC/MS narrows its targets through the column
resolution and the mass spectra library for peak identifica-
tion, biosensors select the most universal potential (bio)-
chemical targets in each planetary environment. On the
other hand, the Urey instrument (Table 1) is based on cap-
illary electrophoreses and represents a very powerful fluidic
solution for detecting amino acids and other small amino-
containing molecules. However, as GC/MS, or even MOMA,
its resolution is limited by the size of the compounds that can
be detected: The lower the size of the molecule, the lesser the
potential (bio)-chemical information on it. That said, Urey
would be, indeed, a good complement for biosensing-type
systems: The former informs about potential monomeric
material, whereas the latter would provide clues about their
presence in the form of bio-polymeric forms.

Here, we advocate leveraging the strong SOLID design and
testing heritage (Parro et al., 2005, 2008, 2011a, 2011b;
Moreno-Paz et al., 2018) to detect nonvolatile organic mole-
cules, as either free monomers and polymers or being part of
supra-macromolecular structures (including membranes, vesi-
cles, and nano-micro particles) in liquid suspension. We have
developed the SOLID instrument and it is one of the payload
instruments in NASA’s Icebreaker proposal mission to Mars
(McKay et al., 2013). In SOLID, a set of up to 200 specific
molecular probes (namely, antibodies and aptamers) can inter-
rogate for the presence of a similar number of compounds (in-
cluding prebiotic organic molecules, biochemical and microbial
markers), in the samples previously extracted and processed.

The latest version of the SOLID instrument (Parro
et al., 2011b) has the following specifications: (1) sample

volume of the liquid suspension to be analyzed: 100–
500 mL; (2) target molecular size: from aromatic amino
acids (such as Phe, with a MW of 165 Da) to large and
complex polymers (typically, with MW in the range 10–
100 kDa), cell debris (<0.1 mm in size), and cells (0.5–
1 mm); (3) sensitivity: in the range of 1–10 ppb (ng/mL);
(4) reuse: for at least 10 times without relevant loss of
performance in a short time slot, which is particularly
useful when there is no positive result in one assay or
there are only a few positive signals, and then LDChip
can be re-used directly without additional treatment; and
(5) number of different target molecules simultaneously
interrogated: at least 200.

3.3.2. Biomarker detector in CMOLD. Our concept of
the biomarker detector to be included in CMOLD consists of
four main components, for which we have accumulated
an extensive heritage thanks to the design, building, and
testing of three prototypes of the SOLID instrument (Fig. 5,
top) (Parro et al., 2005, 2008, 2011a, 2011b). The compo-
nents are: (1) a microarray containing bioaffinity-based
sensor elements (antibodies and aptamers); (2) the sup-
porting substrate, which is a wave-guide; (3) an optic
package composed of a faceplate, an optical filter, a CCD,
and a laser beam or diode laser; and (4) a microfluidic
cartridge with chambers, channels, and valves.

3.3.2.1. The molecular-affinity-based detection principle.
Living beings are characterized by possessing large and
conformationally adaptable polymers (mainly proteins and
nucleic acids, as well as polysaccharides). They can interact
with each other and also with small molecules by means of
noncovalent bonds, to form stable, dynamic, and specific
complexes. Indeed, this is the basis of the biochemical
networks that support life. The affinity and specificity of
these interactions is highly variable in nature.

One of the most relevant examples of affinity-based de-
tection in current biology is that of the recognition of anti-
gens (Ags) by antibodies. An Ab or immunoglobulin is a
large, Y-shaped protein produced by certain cells of the
immune system of some taxonomic classes of animals (in-
cluding fishes, amphibians, reptiles, birds, and mammals) to
neutralize toxins or pathogenic microorganisms by specifi-
cally recognizing a unique molecule or epitope of the target,

‰

FIG. 5. Top: SOLID V3.1 showing the single extraction cell SPU and the SAU with LDChip in a field campaign. Bottom:
Schematic representation of the FSI protocol, combining the Ab- and Ap-based sandwich assay (top panel) and the Ap-based
direct assay (medium panel) to detect the presence of biopolymers and low MW biomolecules, respectively. Spots on the
biosensor microarray contain the capturing probes (Abs or Aps, depicted in gray). For analysis in the sandwich format, first a
liquid suspension extract of the sample is incubated with the microarray for 1 h at 37�C, and thus the capturing probes printed
in the spots bind to the target molecules present in the sample (green). After incubation and washing (to discard the unspecific
interactions), the microarray is flooded with fluorescently labeled Abs and/or Aps that specifically bind to epitopes of the
polymeric targets already captured by the spotted probes, thus forming a sandwich. In turn, the direct assay relies on the
specific interaction of the (previously labeled) low MW biomolecules (including monomers of the interrogated biopolymers)
with Aps printed in the corresponding spots of the microarray. Fluorescence is excited with a laser (bottom panel), and spots
that contain the detected targets are identified by a bright signal in a CCD image. SI provides the highest level of specificity
and sensitivity for the biomolecules used as biomarkers of Earth-like life. Based on test analyses with natural samples, we
estimate a precision better than 10% and accuracy better than 15% for the detection of large organic molecules with such a
sandwich immunoassay (Rivas et al., 2008), and similar values are expected for the direct assay. Functionally, the limit of
detection for each biomolecule corresponds to a fluorescent signal that is two times (2 · background standard deviation) above
the background signal. Ab, antibody; Ap, aptamer; CCD, charge-coupled device; FSI, Fluorescence Sandwich Immunoassay;
MW, molecular weight; SAU, Sample Analysis Unit; SPU, Sample Processing Unit. Color images are available online.
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called the Ag. The affinity of Abs for their Ags (measured as
their equilibrium dissociation constant, Kd) typically lies in
the nanomolar range (from 0.01 to 100 nM). In turn, the Ab-
Ag specificity is very variable: Some Abs are specific en-
ough to recognize even each enantiomer (d and l) of a chiral
Ag (Hofstetter et al., 2005), whereas others are relatively
unspecific and can, for example, bind hydrophobic protein
stretches regardless of their amino acid sequence and
structure.

In turn, Aps are RNA or single-stranded DNA (ssDNA)
oligonucleotides selected in vitro from a large library of

synthetic random oligonucleotides, which can bind to their
target molecules with affinities and specificities analo-
gous to those of the Ab-Ag pairs (Stoltenburg et al., 2007;
Briones, 2015). Aps are produced by using a cell-free,
amplification/selection method known as Systematic Evo-
lution of Ligands by EXponential enrichment (SELEX),
which was developed in parallel by two groups in 1990
(Tuerk and Gold, 1990; Ellington and Szostak, 1990). A
growing number of different Aps have been in vitro selected
and are able to recognize a broad range of targets, including
low MW organic molecules, amino acids, nucleotides,
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antibiotics, mono- and oligosaccharides, peptides, proteins,
nucleic acids, macromolecular aggregates, viruses, and even
whole cells or tissues.

In particular, due to their smaller size in comparison with
Abs, Aps show better performance than Abs for the recog-
nition of low MW compounds, without requiring their prior
binding to any kind of conjugate molecule (Cho et al., 2009;
Kim and Gu, 2014). Also, Aps can be in vitro selected against
both toxic targets and low immunogenic compounds, which
cannot be recognized by antibodies raised in experimental
animals. As nucleic acid chemistry is directly applicable to
Aps, they can be chemically modified at one of their 5¢ or 3¢
ends, thus allowing their straightforward immobilization onto
a large variety of solid substrates (including glass, plastics,
beads, nanoparticles, activated graphene, or other nanoma-
terials), and similar assay formats than those used with Abs
can be used. As a result of the features mentioned earlier, Aps
are being increasingly applied to the fields of biotechnology
and biomedicine (Sun and Zu, 2015) and a number of Ap-
based biosensors (also called aptasensors) are currently
available in different formats, some of which are based on
label-free detection methodologies (Cho et al., 2009; Sharma
et al., 2017; Moreno, 2019).

Interestingly, a recent report has addressed the resistance
of Aps to cosmic rays and other sources of radiation at
different energies and doses, using ground-based facilities as
well as during the EXPOSE-R2 mission outside the Inter-
national Space Station (Coussot et al., 2019). The authors
found that the functionality of the tested aptamers was not
affected after being exposed for 588 days to the outer space
in EXPOSE-R2, where they accumulated a radiation dose
of 220 mGy, equivalent to that expected during a mission
to Mars.

3.3.2.2. Fluorescence Sandwich Immunoassay for detec-
ting biopolymers and large molecular complexes. In a
Fluorescence Sandwich Immunoassay (FSI) (Fig. 5, bot-
tom), selected Abs recognize and bind in vitro to the desired
target biomarker with high affinity and specificity, similarly
to how the immune system of an animal recognizes in vivo
the epitopes present in the molecules and cells that are
foreign to it (Huang and Honda, 2006). An epitope consists
of either a 3D surface feature of a specific biomolecule
(conformational epitopes) or a specific sequence of mono-
mers such as amino acids in a peptide or protein (linear
epitopes). Using FSI, the presence of a given biomarker
showing at least two epitopes (e.g., a relatively complex
biomolecule or a biopolymer) can be revealed by means of a
two-site noncompetitive (sandwich) immunoassay coupled
to fluorescence-based detection, in such a way that the rel-
ative abundance of different biomarkers can then be esti-
mated by comparing their corresponding fluorescence
intensities (Parro et al., 2005, 2008). Processing the sample
at high temperature is not required, thus guaranteeing the
integrity and 3D structure of the biomolecules present in it.

The FSI can be performed in microarray format, where
fluorescence detection occurs at purposely designed reaction
spots, each one containing a different kind of Ab immo-
bilized on it. A blank assay is typically run before sample
analysis to obtain a baseline fluorescence signal, and a num-
ber of different control reactions can be performed. In the
sandwich format (Fig. 5, bottom), the sample (typically, a

liquid suspension) is incubated with the microarray, the
unspecific reactions are washed away, and a previously
designed mixture of soluble and fluorescently marked Abs is
added to the reaction chamber.

Thus, the labeled antibodies can bind to certain epitopes
present in the target biopolymers that were previously rec-
ognized by the immobilized capture antibodies, through
similar or different epitopes. As a result, the microarray
produces a characteristic immunopattern, that is, a set of
positive immunoreactions to different compounds, thus in-
dicating the presence of multiple biomarker epitopes in a
sample. We have developed a collection of more than 300
polyclonal and monoclonal Abs that are ready to be im-
plemented in planetary exploration missions (Parro et al.,
2011b). This allows adapting the library of Abs to specific
mission objectives (e.g., search for subsets of biomarkers on
Mars or in icy moons), with minimal impact on hardware.

We have also been able to detect certain low MW com-
pounds (such as hopane) by using Abs in a competitive
approach. For that, the reactive spots on the microarray are
first coated with conjugate molecules, that is, large mole-
cules carrying the small target compound to be detected
(e.g., bovine serum albumin [BSA] bound to hopane). The
microarray is flooded with fluorescent Abs, which specifi-
cally bind to such conjugates. An image of the microarray is
obtained after exciting the fluorescent marker with a laser:
Such an image represents 100% of positive Ab-Ag coupling
and is used as a baseline.

Next, the sample to be analyzed (in our example, con-
taining hopane) is mixed with fluorescent Abs on the micro-
array. Both free hopane and the BSA-hopane conjugates
compete for the fluorescent Abs, and the former inhibits the
Ab binding to the conjugate spots. Then, a second image of
the microarray is obtained after exciting fluorescence: The
signal intensity retrieved from the corresponding spot will be
inversely proportional to the amount of free hopane in the
interrogated sample. Based on test analyses with natural
samples, we estimated a precision to within 15% and accuracy
to within 10% for the detection of the tested low MW mol-
ecules, showing that a 10–15% fluorescence loss is required to
achieve a lower limit of detection for specific compounds
(Fernandez-Calvo et al., 2006; Blanco et al., 2013).

We have been using FSI for many years, both in the
laboratory and in multiple field campaigns, and the sensi-
tivities of detection obtained range from 0.1 to 10 ppm for
biochemical compounds and 103 to 104 cells or spores per
milliliter (Fernandez-Calvo et al., 2006; Rivas et al., 2008;
Parro et al., 2011a; Blanco et al., 2013; Lezcano et al.,
2019; Garcı́a-Descalzo et al., 2019; Sánchez-Garcı́a et al.,
2020).

3.3.2.3. Direct and competitive aptamer-based assay for
detecting low MW compounds and small epitope-containing
polymers. We have developed Aps to specifically bind dif-
ferent kind of biomolecules, including structured nucleic
acids (Sanchez-Luque et al., 2014), proteins (Moreno et al.,
2019), and low MW compounds such as amino acids and
antibiotics. We have also used some of our protein-specific
ssDNA aptamers as bioaffinity probes to develop graphene-
based aptasensors (Bueno et al., 2019). In parallel, we have
accumulated experience in the use of nucleic acid-based
microarrays for the characterization of fluorescence-labeled,
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structured RNAs (Fernández et al., 2011; Romero-López
et al., 2014) as well as for mutation screening in bacteria
(Garrido et al., 2006) and viruses (Martı́n et al., 2016).

In our CMOLD concept, Ap-based biosensing will be
used to detect biomonomers and other low MW compounds,
including those that only have one available epitope, by
means of either direct or competitive/inhibitory assays. Di-
rect detection of low MW biomarkers requires the fluores-
cent labeling of the sample to be analyzed, so that the
measured fluorescent signal will be directly proportional to
the amount of biomarker in such a sample (Fig. 5, bottom).

In turn, in competitive assays the basic scheme will be as
follows: (1) Fluorescently labeled biomarkers (previously
known and available as control samples) react with their
corresponding Aps immobilized onto the biosensor sur-
face, and the basal fluorescence signal is measured at each
spot; (2) an unlabeled sample is incubated with the bio-
sensor; (3) the competition between unlabeled and labeled
biomarkers for their recognition domains in Aps results in
the displacement of a fraction of the labeled biomarkers
initially bound to the Aps; (4) the fluorescence signal de-
tected at each spot of the biosensor will, thus, be directly
proportional to the amount of the corresponding target
molecule in the sample. Therefore, Ap-based, competitive
biosensing is the preferred way to detect biomarkers
present at low concentrations in the interrogated sample, as
it will likely be the case when analyzing liquid suspensions
collected on Mars or on icy moons by rovers and/or
landers.

In addition, fluorescently labeled aptamers can also be
used instead of (or together with) fluorescent Abs in FSI to
reveal the presence of an epitope in a biomolecule, once
another (similar or different) epitope has reacted with the
specific capture antibody (Fig. 5, bottom). Therefore, tun-
able combinations of Abs and Aps, both capture probes and
labeled, can be tested in our biosensor format.

A different and more complex Ap-based approach with
potential applicability in astrobiology has been recently
published, which relies on mixing a large, randomly gen-
erated library of folded Aps (of unknown sequences, and
whose affinity and specificity has not been previously test-
ed) with a sample, assuming that complex biological
materials (such as a cell membrane, highly complex bio-
molecules, and even unknown nonterran biosignatures) will
be able to be recognized by a higher number of Aps,
whereas inorganic substrates will barely interact with any
aptamer in the mixture.

The proposed method would require the bound Aps to
be recovered from their target, polymerase chain reaction-
amplified, and finally sequenced (or, alternatively, fluor-
escently labeled and hybridized to an oligonucleotide
microarray) in situ. This would reveal a ‘‘fingerprint’’ of
Ap sequences corresponding to the detected biomarker
(Johnson et al., 2018). Although the interest and novelty of
such an Ap-based, agnostic approach for life detection is ev-
ident, its intrinsic methodological complexity is much higher
than that of the one proposed here, as the aptasensor included
in CMOLD is focused on the identification of known, Earth-
based biomolecules (both biomonomers and biopolymers)
once the detection of any kind of biopolymers (both terran and
nonterran) in the collected sample has been performed by
Raman spectroscopy, as detailed in Section 3.2.

3.3.2.4. Specific molecules and degradation products that
SOLID can detect. Potential molecular targets for CMOLD
may be those selected to represent meteoritic input, fossil
organic matter, and extant (living, recently dead) organic
matter, as reviewed in the work of Parnell et al. (2007), with
a special focus on the potential polymeric material they can
form (mainly peptides). The current list of compounds that
can be detected with SOLID-LDChip comprises many of
these: PAHs and derivatives such as bezo[a]pyrene and
pentachlorophenol, aromatic d/l amino acids, or xenobiotics
(Moreno-Paz et al., 2018); irradiated proteins, peptides, and
other molecules (Blanco et al., 2018); and a variety of
polymeric biomarkers from exopolysaccharide, lipopolysac-
charide, humic substances, lipoteichoic acids, and peptido-
glycans from bacterial cell walls, proteins from primitive
metabolism, nucleic acids, and their derivatives (oxidized as
8-oxo-guanine, or thymidine dimers formed after irradiating
nucleic acids with UV radiation), aromatic compounds, or
short peptides (see tables from Fernandez-Calvo et al.,
2006; Rivas et al., 2008; Parro et al., 2011b, 2018).

Similarly, we have developed specific aptamers to bind
structured nucleic acids (Sanchez-Luque et al., 2014), pro-
teins (Moreno et al., 2019), as well as some amino acids,
antibiotics, and peptides (not shown). We have also tested
the performance of aptamers as capture probes in different
kinds of biosensors (Bueno et al., 2019). In a hypothetical
mission, the detection of several of these structures, either
with SOLID or with CMOLD, will inform about the exis-
tence of a complex chemistry that could be compatible with
a carbon-based biology.

4. Building the CMOLD Instrument Suite

Design criteria aiming that in the future our instrument
suite could be part of a planetary exploration payload in-
clude: (1) must be able to concentrate liquid sample and
handle low liquid volumes to allow instrument miniaturiza-
tion; (2) the number of samples to be analyzed by CMOLD
is highly dependent on the mission and the system designed
to get them, with a minimum number of two; (3) must
minimize size, mass, and power consumption; (4) must be
robust enough to survive a standard space environment, with
special care in the design to ensure the instrument survival
in an extreme radiation environment, particularly in outer
Solar System’s moons; and (5) modularity to simplify in-
tegration and tests.

To work with the microscope, the Raman spectrometer,
and the biomarker detector, any concept for instrument de-
sign envisaged to be part of a planetary exploration payload
must also include three additional modules. (1) A Sample
Processing Unit (SPU), which receives the soil or powdered
rock (e.g., from the surface or subsurface of Mars) or ice
(e.g., from the surface of Europa or Enceladus) sample and
processes it properly. It must be able to prepare and con-
centrate the liquid suspension sample (or the melted ice) and
to handle small volumes, thus allowing further instrument
miniaturization. The number of samples to be analyzed by
CMOLD is highly dependent on the mission concept and the
system designed to collect them. (2) A Fluidic Distribution
Unit (FDU), which takes the sample from the SPU and
pumps it through the different sensors, controlling the flow
with the help of a set of valves, until reaching the waste
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deposit. (3) An Instrument Control Unit with the proper
hardware and software specifications.

4.1. Sample Processing Unit

After other external equipment in the spacecraft collects
the sample (drill or scoop) and inputs the sample into the
extraction cell, the SPU (Fig. 6, top) receives a solid sample
and processes it properly to deliver a concentrated sample to
the FDU (see Section 4.2). The main functionalities for the
SPU will be: (1) storing the sample (solid, liquid, perma-
frost) and isolating it from the external environment; (2)
dilution of the sample in deionized and sterile water (tem-
perature above 0�C); (3) homogenization of the sample by

ultrasonication at 40 kHz, as the vibrations generate pressure
waves in the dissolution of the processed sample causing
cavitation within the dissolution, homogenizing the sample
(by selecting the amplitude of vibrations, the intensity of
cavitation can be adjusted, and therefore the degree of
homogeneity of the mixture, covering a range that goes
from soft homogenization, at low amplitudes, up to the
breakdown of cells at high amplitude levels); (4) filtering the
homogenized sample; (5) concentration of the filtered
sample (with temperatures below 50�C) by evaporation/
sublimation, sending the residual gases to a waste deposit;
(6) measurement of the physicochemical parameters (pH,
conductivity); and (7) delivery of the concentrated sample to
the FDU module for downstream analysis.

FIG. 6. Top: SPU functional diagram. SPU receives a solid or ice sample and processes it properly. In the end, it leaves a
concentrated sample that is absorbed by the FDU Bottom: FDU block diagram. Once the FDU receives the sample from the
SPU, it pumps it throughout the different sensors controlling the flow with the help of a set of valves. The sample ends in the
waste deposit. FDU, Fluidic Distribution Unit. Color images are available online.
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4.2. Fluidic Distribution Unit

The FDU (Fig. 6, bottom) takes the sample from the SPU and
pumps it throughout the different sensors, controlling the flow
with the help of a set of valves, distributing the sample through
the different analytical systems in CMOLD. Due to the small
volume of sample available after the treatment in the SPU, a
microfluidic system is the best option to circulate the sample
from one analysis system to the next. The microfluidic system
must contain a series of micro-pumps and micro-valves, al-
lowing the precise control and distribution of the fluid.

Depending on the sampling site and the type of sample, the
liquid extract from the SPU might contain high salt or metal
concentrations. Under these conditions, the bioaffinity in-
teraction with antibodies or aptamers may be severely af-
fected due to the high ionic strength. The CMOLD will use
low-organic retention desalting cartridges or filters so that the
potential biological polymers can move through and specifi-
cally bind to the capturing probes in the biomarker chip.

4.3. Additional elements

Five additional aspects to be considered when building
CMOLD are: (1) All the modules need to be thermally
controlled at a working temperature at which water solutions
and suspensions remain in liquid state and the biochemical
interactions required in the biosensor are allowed (i.e.,
typically in the range of 20–37�C); (2) the module must also
be sealed to avoid any liquid leakage, a very critical point

to comply with planetary protection restrictions of the
mission (Fairén et al., 2019); (3) space design criteria, re-
quiring minimization of the instrument size and mass, as
well as its power consumption, also taking into account the
required robustness to survive the space conditions; (4) ra-
tional design to ensure the instrument survival under an
extreme radiation environment, which is particularly rele-
vant in the exploration of outer Solar System moons; and (5)
modularity, to simplify the required integration and tests
during the construction and assembly (Fig. 7).

In addition, our proposed suite is not meant to be the
entire payload of a life-seeking mission to Mars or icy
moons. It will be integrated with other instruments in the
mission payload, including a suite of surface cameras to
image the lander’s surroundings to understand where the
mission is, to choose targets to collect samples from, and to
image the samples before processing them.

5. Applications of CMOLD to Astrobiological Missions
in the Solar System

Studies on selected Mars (Fairén et al., 2010) and Europa
(Lorenz et al., 2011) analogues on Earth show that, gener-
ally, in extreme environments we should expect chemo-
lithotrophic metabolisms and a very low biomass of cells,
which are in most cases very small in size (Table 3). This is
so because the stability and functionality of the biomole-
cules of most organisms (and, thus, their viability) are

FIG. 7. Block diagram of our instrument concept, including the complete instrument suite. Color images are available
online.
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strongly affected by the extreme physicochemical parame-
ters such as the acidity and redox state. Therefore, the
sensitivity of the proposed instruments must be high enough
to guarantee the detection of a limited number of cell-like
morphologies as well as a low concentration of biomole-
cules. In any case, additional work in terrestrial analogues
deploying CMOLD is critical to better understand what
morphological and biochemical diversity could be expected
in other planets and moons of the Solar System.

5.1. Mars

Solid rocks and powdered material are dominant on the
martian surface. Upcoming missions to Mars plan to ex-
plore lacustrine and depositional paleo-environments, where a
water cycle was likely active leaching sedimentary or vol-
canic deposits (Vago et al., 2017; Williford et al., 2018;
Loizeau et al., 2019), because Mars is believed to have been
much more of an Earth-like planet between 4.5 and 3.5 Gyr
ago, with an active surface hydrosphere that included glaciers,
rivers, ice-covered lakes, deltas, and maybe even a hemi-
spheric ocean (Fairén, 2010), making Mars the only known
planetary body, other than Earth, where liquid water appears
to have played a key role in its early surface evolution.

Due to the preferred Noachian to Hesperian age for the
materials (Fairén et al., 2010), they could be either buried
underground or exhumed to the surface, where they would be
exposed to high radiation doses and extreme temperature
changes. The mineral composition of the interesting regions
includes the presence of phyllosilicates, oxides, and several
types of salts (mainly sulfates, chlorides, and perchlorates).
The interaction of some of these minerals, particularly per-
chlorates, with the organic material determines their stability
and preservation on Mars in the long term (Kounaves et al.,
2014; Archer et al., 2019), and to obtain reliable results with
CMOLD aimed at in situ analyzing different levels of pre-
biotic/biotic chemical and structural complexities.

5.2. Icy moons. Examples: Europa, Enceladus,
and Titan

The approach to icy moon analog samples is different
than that for Mars. Europa, Enceladus, and Titan are icy
moons that deserve consideration because of their astro-
biological interest.

It has been described, from previous missions to the
Jupiter system, that the surface composition of Europa is
dominated by water ice plus other dark albedo materials,
identified as hydrated salts (Carlson et al., 1999; McCord

et al., 1999; Dalton et al., 2005; Trumbo et al., 2019). These
salts are associated with tectonic and cryovolcanic features,
suggesting that they have a subsurface origin linked to
aqueous reservoirs. Endogenic materials are strongly af-
fected by the surface radiation environment (Dalton et al.,
2013; Hand and Carlson, 2015). Moreover, some volatiles
are detected (e.g., CO2, H2S, SO2) as ice phases mixed with
water ice, either trapped as inclusions between crystals or
forming hydrate clathrates (Prieto-Ballesteros et al., 2005).

There are three terrestrial analogs that are considered
suitable places to understand the geochemistry and potential
habitability of Europa: aphotic systems, deep cold brines,
and subglacial liquid–water environments (Painter et al.,
1982; Murray et al., 2012; Priscu and Hand, 2012). Addi-
tional laboratory experiments and field work are required to
better anticipate what we can find in Europa with an in-
strument suite such as CMOLD. This will allow determi-
nation of different levels of prebiotic/biotic chemical and
structural complexities, using aqueous solutions that re-
semble the melted endogenous materials, though enriched in
varying concentrations of sulfates, sulfuric acid, and chlo-
rides, and also doped with different concentrations of the
target biomolecules to be detected (e.g., antibiotics, pep-
tides, proteins, nucleic acids, lipids, or whole cells).

The plume activity detected to be emerging from outer Solar
System moons, such as Europa, Enceladus, or Triton, facilitates
access to materials sourced from deep aqueous layers. This
process seems to be relatively continuous at present in En-
celadus. The main composition of the plumes, which has been
investigated by the Cassini INMS, shows the presence of water,
organic molecules, and particles of silica and salts (Hansen
et al., 2019). The possibility of collecting particles (perhaps of
organic nature) from the plume with different spacecraft de-
vices has been already suggested (McKay et al., 2014; Lunine,
2017). This would enable an investigation of the (bio)chemical
complexity of the ejecting material with the CMOLD suite
adapted to a spacecraft platform.

In the case of Titan, a rich repertoire of organic prebiotic
molecules is expected in the atmosphere, in the dunes, and
in the liquid surface bodies (Imanaka, 2019). The CMOLD
instruments may help to evaluate how organics evolve in
environments with solvents different than liquid water, and
potentially to detect traits of life unlike from those on Earth.

6. Conclusions

We have outlined here a novel suite of first-order
in situ analytical instruments and sensors that would allow

Table 3. Cell Content in Different Earth Analog Environments Assayed

Analogue to Environment Number of cells (bacteria)
Organic concentration

estimation (ppb)a

Europa Lake Vostok 120 cell/mL 0.18
Lake Vida 444.000 cell/mL 666
Deep Ocean 65.000 cell/mL 97.5

Mars Artic permafrost sediments ‡300 m
Antarctic permafrost sediments (20m)
Atacama desert
Bottom sediments of lakes (upper layer)

102–108cfu/gdw
101–104 cell/mL
103–106 cell/mL
102–106 cell/mL

3 · 10-4–0.3
3 · 10-1–330
3 · 10-2–330

aCell mass 10-12 g; organic content: 30% of cell mass = 3 · 10-13 g.
cfu = colony-forming units; dw = dry weight.

1092 FAIRÉN ET AL.



determining different levels of prebiotic/biotic chemical and
structural complexities in planets and satellites of the Solar
System, as well as their (dis)similarity with the biochemistry
of terrestrial life. This CMOLD is a unique concept that
aims at addressing one of the main scientific challenges in
planetary exploration, namely, to establish a minimal set of
criteria and observations to identify life beyond the Earth.

The concept for a future astrobiological mission is most
timely, because all the instrumentation devoted toward
seeking organics in planetary exploration so far has been
mostly based on the detection of volatile compounds by GC/
MS, or on the identification of some spectroscopic organic
signatures. This has been performed by the Viking Landers
GC/MS, the Phoenix TEGA instrument, and the current
MSL SAM, and it will also be the task for the Rosalind
Franklin’s MOMA instrument. However, the extraction of
organic molecules into a liquid suspension and the detec-
tion of nonvolatile complex compounds with powerful an-
alytical techniques are only now being considered by way of
derivatization with SAM and MOMA instrumentation.

We have proposed here a step forward by targeting not
only low MW biomolecules but also biopolymers and other
macromolecules, supra-macromolecular complexes, as well
as vesicular and cell-like morphologies by using three
complementary astrobiological tools: (1) an optical micro-
scope, to resolve microscale evidence for life; (2) a Raman
spectrometer, to detect noncovalent bonds and atomic com-
position, resolve 3D secondary and tertiary polymeric
structures, and identify other signatures of organic mole-
cules of different sizes and complexities, not restricted to
the known biochemistry operating in our planet; and (3) a
biomarker detector equipped with a biosensor containing
multiple bioaffinity probes (antibodies and aptamers) for up
to 200 life-related and nonlife-related chemical compounds,
able to identify the nature and structure of the molecules
detected, at least the part of the molecule (epitope) that has
been captured by the receptor molecule (Ab or Ap), fol-
lowing the lock-and-key principle.

Our concept is a robust and compact solution that covers
a wide spectrum of targets, building on technologies and
capabilities developed in the framework of recent space
science exploration missions. We have developed state-of-
the-art versions of both the proposed Raman spectrometer
and the biomarker detector: The RLS instrument is included
in the payload of the 2022 ESA Rosalind Franklin Mars
rover, whereas the biomarker detector (SOLID instrument)
is part of the payload on the NASA Icebreaker mission
proposal for a Mars lander. CMOLD and the associated
mission concept outlined here would be in line with the
already scheduled or planned planetary exploration mis-
sions to Mars (Mars 2020 and ExoMars 2022) as well as to
Jupiter’s and Saturn’s icy moons (Europa, Enceladus, Ti-
tan), which clearly sets the objective of developing agnostic
approaches to search for signs of life in the Solar System.
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(2018) Effects of gamma and electron radiations on the
structural integrity of organic molecules and macromolecular
biomarkers measured by microarray immunoassays and their
astrobiological implications. Astrobiology 18:1497–1516.
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Abbreviations Used

Ab¼ antibody
Ag¼ antigen

Aps¼ aptamers
BSA¼ bovine serum albumin
CCD¼ charge-coupled device

cfu¼ colony-forming units
CMOLD¼Complex Molecules Detector

CPC¼Complex Prebiotic Chemistry
DHM¼ digital holographic microscopy
DMD¼ digital micro-mirror device
DNA¼ deoxyribonucleic acid
DUV¼ deep ultraviolet

dw¼ dry weight
FDU¼ Fluidic Distribution Unit

FSI¼ Fluorescence Sandwich Immunoassay
GC/MS¼ gas chromatography/mass spectrometry

IR¼ infrared
MMX¼Martian Moons eXplorer

MOMA¼Mars Organics Molecule Analyzer
MW¼molecular weight
NA¼ numerical aperture

PAH¼ polycyclic aromatic hydrocarbons
RAX¼RAman spectrometer for MMX
RLS¼Raman Laser Spectrometer

RNA¼ ribonucleic acid
RRS¼Resonant Raman Scattering

SAM¼ Sample Analysis at Mars
SELEX¼ Systematic Evolution of Ligands

by EXponential enrichment
SPU¼ Sample Processing Unit

ssDNA¼ single-stranded DNA
TEGA¼Thermal and Evolved Gas Analyzer

UV¼ ultraviolet
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