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Abstract

Studies of psychrophilic life on Earth provide chemical clues as to how extraterrestrial life could maintain
viability in cryogenic environments. If living systems in ocean worlds (e.g., Enceladus) share a similar set of 3-
mer and 4-mer peptides to the psychrophile Colwellia psychrerythraea on Earth, spaceflight technologies and
analytical methods need to be developed to detect and sequence these putative biosignatures. We demonstrate
that laser desorption mass spectrometry, as implemented by the CORALS spaceflight prototype instrument,
enables the detection of protonated peptides, their dimers, and metal adducts. The addition of silicon nano-
particles promotes the ionization efficiency, improves mass resolving power and mass accuracies via reduction
of metastable decay, and facilitates peptide de novo sequencing. The CORALS instrument, which integrates a
pulsed UV laser source and an Orbitrap™ mass analyzer capable of ultrahigh mass resolving powers and mass
accuracies, represents an emerging technology for planetary exploration and a pathfinder for advanced tech-
nique development for astrobiological objectives.

Teaser: Current spaceflight prototype instrument proposed to visit ocean worlds can detect and sequence
peptides that are found enriched in at least one strain of microbe surviving in subzero icy brines via silicon
nanoparticle-assisted laser desorption analysis. Key Words: Laser desorption mass spectrometry—Peptide
de novo sequencing—Biosignatures of psychrophiles. Astrobiology 23, 657-669.
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1. Introduction

HE SEARCH FOR SIGNS of life elsewhere in the Solar

System is a fundamental science goal receiving in-
creasing attention in recent decades. Saturn’s moon En-
celadus and Jupiter’s satellite Europa have been elevated to
prime targets for astrobiology and life-detection missions in
the following decades, owing to the presence of large sub-
surface water reservoirs (Carr et al., 1998; Khurana et al,,
1998; Postberg et al., 2011; Iess et al., 2014; Glein et al.,
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active energy and material exchange across surface and in-
terior (Smith et al., 1982; Squyres et al., 1983; Reynolds
et al., 1987; Greenberg et al., 1998; Waite et al., 2006, 2017,
Postberg et al., 2009; Patterson et al., 2018), and sustained
geological activity and bioavailable nutrients sufficient to
power biological activities over a long period of time
(Squyres et al., 1983; Reynolds et al., 1987; Greenberg et al.,
1998; Hsu et al., 2015; Choblet et al., 2017; Nimmo et al.,
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2018). Astrobiological objectives pertaining to these top-
priority ocean worlds are not solely limited to the detection of
simple organic molecules that are generic to planetary targets
across the Solar System. It is strategically also important to
develop capabilities to detect and recognize chemical sig-
natures of living systems thriving in cryogenic environments
akin to these potentially habitable ocean worlds (McKay
et al., 2008, 2014; Hendrix et al., 2018; Cable et al., 2021).

Proteomic studies of terrestrial extremophiles that endure
some of the coldest and saltiest environments on Earth can
provide chemical clues as to how extraterrestrial life could
exist and maintain long-term viability under similar condi-
tions in ocean worlds. In these hypersaline and cryogenic
ecosystems, normal cellular growth and traditional metabolic
and replication pathways are challenged by the limited nutri-
ents, hypersaline conditions, and subzero temperatures. Col-
wellia psychrerythraea is an example of a marine psychrophile
(i.e., cold-loving bacterium) commonly found in microscopic
brine pockets in Arctic sea ice. These microorganisms have
evolved to survive, metabolize, and grow in polar ice (Deming
and Junge, 2015) and thus may serve as biological analogs for
microorganisms capable of surviving the similarly harsh
conditions found on Europa and Enceladus.

In a recent experimental study, cultures of Colwellia
psychrerythraea strain 34H (Cp34H) were exposed to pro-
gressively colder temperatures, higher salinities, and more
depleted nutrient levels. Distinguished novel metabolic
strategies responsible for maintaining viability in response
to each experimental variable were identified via proteomics
analysis (Mudge et al., 2021). A suite of select short pep-
tides comprising 3 or 4 amino acids (referred to as 3- and 4-
mer peptides, respectively) were found to be statistically
enriched in the populations that survived the harshest en-
vironmental conditions. If such enrichments are ubiqui-
tously found in terrestrial psychrophilic organisms, then
such specific 3-mers and 4-mers may represent intrinsic
protective functionality. Thus, identified short peptide pop-
ulations could represent putative biosignatures of psychro-
philes in future efforts to search for chemical evidence of
living systems in ocean worlds (Mudge et al., 2021).
However, such promising chemical indicators must be sus-
ceptible to analytical techniques with a path to spaceflight
implementation in order to serve as practical biosignatures.

Miniaturized mass spectrometers have been developed for
planetary exploration dating as far back as the Lunar At-
mospheric Composition Experiment (LACE) as a part of the
Apollo 17 mission in 1972 (Hoffman, 1975; Arevalo et al.,
2020 and references therein). In the context of astrobiology
life-detection missions, spaceflight mass spectrometers have
been important in the detection and identification of volatile
organic and trace gases derived from the martian subsurface
(Ming et al., 2014; Freissinet et al., 2015; Eigenbrode et al.,
2018; House et al., 2022; Millan et al., 2022), the enceladan
plume (Waite et al., 2006; Teolis et al., 2010), and Titan’s
atmosphere (Niemann et al., 2005). Recently, the Dragonfly
Mass Spectrometer (DraMS) instrument, a dual source lin-
ear ion trap mass spectrometer that supports both gas-phase
analyses and laser desorption measurements, is under de-
velopment to analyze the nonvolatile organics on Titan’s
surface (Grubisic et al., 2021). To date, no deployed mass
spectrometer has analyzed a wide range of complex non-
volatile organic molecules and/or characterized their mo-
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lecular structures on a flight mission. Peptides/proteins
generally represent higher-fidelity indicators of living sys-
tems because their function-specific sequences and energy-
optimized structures are highly unlikely to be produced
abiotically (Marshall er al, 2021). However, it is chal-
lenging to ionize macromolecular material via conventional
spaceflight sampling and ionization methods (e.g., electron
ionization) and fully identify molecular compounds without
the characterization of their structures.

Laser desorption mass spectrometry (LDMS) uses a fo-
cused laser beam to desorb and ionize analytes from the
substrate and determines their chemical composition based
on the mass-to-charge ratio (m/z). LDMS can desorb and
ionize nonvolatile organic compounds of higher masses
without incurring molecular fragmentations, allowing the
determination of chemical constituents of short peptides
based on their molecular masses. However, in some opera-
tional settings (such as a high laser fluence or elevated
background pressure), LDMS can induce (1) characteristic
cleavages of the peptide backbones during the laser irradi-
ation in the ionization step (Kocher et al., 2005; Asakawa
et al., 2022), (2) molecular dissociation due to collision with
background neutrals (Ackloo and Loboda, 2005), and (3)
breakdown of metastable ions in the ion acceleration region
prior to entering the mass analyzer (Spengler et al., 1991,
1992). These diagnostic fragments are informative to the
peptide sequence. It would be plausible to enable simulta-
neous detection and sequencing of short 3-mer and 4-mer
peptides in a single measurement. However, it is essential to
ensure optimal ionization efficiency without incurring ex-
cessive fragmentation of the molecular ions.

To minimize molecular fragmentation during laser mi-
croprocessing, laboratories have embraced the matrix-
assisted laser desorption/ionization (MALDI) technique, in
which a photo-absorptive matrix compound is physically
admixed with the analyte to increase the desorption and
ionization efficiency (Karas et al., 1987; Karas and Hillen-
kamp, 1988; Zenobi and Knochenmuss, 1998; Karas and
Kriiger, 2003). The most common MALDI matrices are
solid organic acids such as a-cyano-4-hydroxycinnamic acid
(0-CHCA) that are optimal for ultraviolet (UV) laser de-
sorption/ionization (LDI). Their application enables repro-
ducible detection and characterization of protein, peptides,
oligonucleotides well over 10,000 Da at high signal-to-noise
ratio (S/N) (Tanaka et al., 1988). Most studies on peptide
sequencing via MALDI analysis are limited to solid organic
matrices due to their optimal performance and ease of lab-
oratory technique (Spengler et al, 1991, 1992; Castoro
et al., 1995; Chaurand et al., 1999; Keough et al., 1999;
Hettick er al., 2001; Yergey et al., 2002; Kocher et al.,
2005). However, the breakdown of solid organic matrices,
induced by laser irradiation, generates extensive fragments
in the mass range m/z < 500, overlapping with valuable
molecular species such as amino acids and peptide sequence
fragments (Schmitt-Kopplin et al., 2010; Leopold et al,
2018). Further, the use of an organic matrix in spaceflight
LDMS (1) increases the complexity of the experimental
operation, such as depositing the matrix on top of the
sample; (2) creates convoluted spectra by adding a wide
range of low mass peaks associated with the matrix to the
mass spectrum; (3) ambiguates data detection by introduc-
ing reactants to the plasma plume that may induce molecular
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recombination; and (4) introduces the risk of contaminating
a planetary target of astrobiological interest.

A more feasible class of MALDI matrices for spaceflight
application would be inorganic material. A variety of inor-
ganic matrices have been explored to detect biomolecules
since the inception of MALDI techniques, including ultra-
fine metal power (Tanaka et al., 1988), graphite particles in
glycerol solution (Sunner et al., 1995; Dale et al., 1996),
thin layers of activated carbon particles on an aluminum
plate (Han and Sunner, 2000), and porous silicon and silica
gel (Wei et al., 1999; Alimpiev et al., 2001; Zhang et al.,
2001). Silicon nanoparticles are an example of inorganic
matrices that have been recently shown to promote the
ionization of large organic molecules at lower fluences,
improve sample homogeneity, reduce shot-to-shot variabil-
ity, and suppress the salt inferences from matrices to a
greater degree than neat samples (Abdelhamid, 2018; Cohen
and Gusev, 2002; Wen et al., 2007). Silicon nanoparticles
have been applied to detect various types of small mole-
cules, including 3-mer and 4-mer peptides, when using
commercial instruments (Wen et al., 2007), but they have
not been used to sequence peptides. Silicon nanoparticles
also have not been validated with spaceflight technologies to
date. The application of inorganic matrices like silicon na-
noparticles in LDMS may facilitate the detection of a wider
range of molecular biosignatures in future life-detection
missions, such as those complex organic molecules called
out in the Europa Lander Science Definition Team Report
(Hand, 2017) or the refractory organic aerosols floating in
Titan’s atmosphere and on Titan’s surface (Cable et al.,
2012).

The present study aimed to investigate the feasibility of
detection and de novo sequencing of selected 3-mer and 4-
mer peptides expressed in the most resilient strains of
Cp34H—those which are exposed to the harshest environ-
mental conditions (Mudge et al., 2021)—via the advanced
prototype of CORALS (Characterization of Ocean Residues
and Life Signatures), a laser desorption mass spectrometry
(LDMS) instrument developed for the exploration of Europa
and other ocean worlds (Briois et al., 2016; Arevalo Jr. et al.,
2018; Willhite et al., 2021). The CORALS instrument is
composed of a solid-state laser system that emits 266 nm radi-
ation (up to 450 pJ) (Fahey et al., 2020) and a high-performance
Orbitrap™ analyzer that can measure the m/z of charged ana-
lytes to the 4th decimal place. The precise and accurate mea-
surement of m/z can efficiently separate ions of similar m/z and
allows the determination of chemical constituents of unknown
molecules even if they are in a sample mixture.

Our investigation began by exploring the capacity of the
CORALS instrument to detect and sequence select 3-mer
and 4-mer peptides in the simplest LDMS experiments,
without application of any MALDI matrices. Such “‘neat”
samples rely primarily on the UV absorption characteristics
of the sample (and the sample plate for thin residues) to
facilitate ionization of the analyte and require fewer sample
handling considerations than those involving physical ad-
mixture of solid organic MALDI matrices. Early work on
neat samples with the CORALS prototype demonstrated the
detection of amino acids down to fmol/mm? concentrations
and measurements of trace elements down to ppmw levels
(Briois et al., 2016; Arevalo Jr. et al., 2018; Willhite et al.,
2021) but have not examined the complex refractory organic
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molecules. We then explored the use of silicon nano-
particles, inorganic alternatives to conventional organic
compounds routinely used for MALDI techniques, to en-
hance ionization of the refractory organic molecules. These
experiments will advance our fundamental understanding of
laser desorption processes and fragmentation of relatively
large organic molecules via a deep UV high-power laser.
The peak distributions and fragmentation patterns obtained
in each LDMS spectrum indicate plausible biosignature
fingerprints expected in the search for cryogenic life in
planetary environments.

2. Results
2.1. LDMS analysis of neat peptides

The peptides Ser-His-Asp (SHD) and Gly-Asp-Ala-Glu
(GDAE) were 3-mer and 4-mer peptides chosen from pep-
tides expressed in the most resilient strains of Cp34H that
survived under the harshest environmental conditions
(Mudge et al., 2021). Histidine (H) is rarely found in abiotic
systems and has a basic residue that has shown to improve
protonation efficiency in the gas phase. Aspartic acid (D)
and glutamic acid (E) have an acidic residue. SHD and
GDAE were each analyzed via LDMS with the CORALS
prototype (see Methods) as neat samples deposited onto a
flat Al alloy plate. In the spectra collected, Cs™ derived from
a collocated finely ground disc of CsI (7.49 mm diameter)
that produced by Almaz Optics, Inc. was used as an internal
mass calibrant. The 3-mer SHD was identified by its pro-
tonated molecular ion (i.e., [M+H]") and dimer (i.e.,
[2M+H]"), both of which were observed below the limits of
quantitation (S/N < 10) despite exploring a wide range of
fluences between 0.06 and 6J/cm? (Fig. la). The most
abundant organic peaks were observed up to 3 orders of
magnitude lower than the intensities of Cs™ (from the Csl
disc), Al" (from the sample plate), and Na* and K* (from the
sample solution), implying limited ionization efficiency of
SHD. In contrast, GDAE was identified solely by its sodiated
molecular ion (i.e., [M+Na]*), suggesting a distinct ionization
pathway (Fig. 1b). The sodiated molecular ion was observed
below the limits of quantitation, at about 2 orders of magnitude
lower than the intensities of Al*, Na*, and K*.

Due to the ultrahigh mass resolution and ppm-level mass
accuracy provided by the CORALS analyzer, the detection
of the molecular ions of SHD and GDAE enables the un-
ambiguous determination of their respective molecular
stoichiometries. However, specific diagnostic fragments are
essential to reveal the entire sequence of amino acid
monomers, a process known as de novo sequencing. Pep-
tides are lineages of proteinogenic amino acids, which share
a fundamental structure that consists of an alpha carbon
(-C,) at the center, bonded to an amino group (-NH,), a
carboxylic group (-COOH), a residue (-R,,) and a hydrogen
atom (Fig. 2). Conventional fragmentation mechanisms in-
duce backbone cleavages at N-C, C-C, and C-N bonds in
between two consecutive amino acids. Accepted nomen-
clature refers to these backbone cleavages containing the N
terminal of precursor peptide ions as a-, b-, and c- ions,
respectively. The complementary sets of fragments con-
taining the C terminal of the precursor peptide ions are
called x-, y-, and z-, ions. A subscript # indicates the number
of residues in the fragments, implying the location of the
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FIG. 1. Single shot LDMS analysis of neat (a) SHD and (b) GDAE on flat Al plate shows detection of molecular ions at
S/N < 100 but lack of diagnostic fragments for peptide de novo sequencing. Spectral intensities are normalized to the
maximum peak intensity observed in each scan. The characteristics of all identified peaks are listed in Supplementary
Table S1. The raw transient data will be accessible in the Supplementary Material.

bond dissociation in the precursor peptide ions. This study
defines a-/x-, b-/y-, c-/z- sequence ions as the diagnostic
peptide fragments needed to achieve de novo sequencing.
Generation of diagnostic fragments at all possible n loca-
tions is considered to achieve a full sequence coverage.
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FIG. 2. A schematic diagram that shows the nomenclature
of fragments in a 3-mer peptide to enable de novo se-
quencing. The alpha carbon (-C,,) and the residues (-R,,) are
highlighted in the peptide structure. A list of general types
of molecular adducts and diagnostic fragments is also il-
lustrated to demonstrate the identification and sequencing of
a peptide in a single mass spectrum.

Because the molecular ions of both SHD and GDAE were
observed at low intensities (S/N < 100), no diagnostic
fragments above the limit of detection (S/N > 3) were re-
corded. Although a variety of peaks were seen in the
spectrum of SHD, none of them match to the exact masses
of expected sequence ions. The positive mass defects of
peaks in the m/z 150-300 range suggest the ionic species are
organics composed of multiple hydrogen and nitrogen at-
oms. Consequently, matrix-free LDMS analysis of SHD and
GDAE on an Al plate successfully demonstrates the ioni-
zation and detection of neat 3-mer and 4-mer peptides, but
low sensitivities inhibit peptide de novo sequencing.

2.2. LDMS analysis of single peptides with silicon
nanopatrticles

Silicon nanoparticles serve to enhance ionization of large
refractory organic molecules without excessive fragmenta-
tion. Previous studies have shown the desorption of large
organic molecules at lower laser fluences with higher S/N,
greater reproducibility, and with less interference from salt
contamination when analyzing compounds doped with sili-
con nanoparticles (Abdelhamid, 2018; Cohen and Gusev,
2002; Wen et al.,, 2007). However, to the best of our
knowledge, silicon nanoparticle matrix has not yet been
used to facilitate the detection and sequencing of short
peptides via LDMS, nor has it been introduced to spaceflight
technologies.
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FIG. 3. Single shot LDMS analysis of neat (a) SHD and (b) GDAE on a flat Al alloy plate with silicon nanoparticles
demonstrates detection of various forms of molecular ion moieties and diverse diagnostic fragments that support peptide de
novo sequencing. Spectral intensities are normalized to the maximum peak intensity observed in each scan. The charac-
teristics of all identified peaks are listed in Supplementary Table S1. The raw transient data will be accessible in the

Supplementary Material.

To facilitate a semiquantitative comparison with the neat
measurements described above, separate aliquots of SHD
and GDAE were each doped with silicon nanoparticles and
analyzed via LDMS with the CORALS prototype (Fig. 3).
Although the highest intensity peaks in the collected spectra
were sourced from the nanoparticles, the protonated mo-
lecular ions of both SHD and GDAE were observed at in-
tensities equal to or higher than alkali metals and Al. At
higher masses, protonated dimers and molecular ions with
metal adducts derived from the analyte solution (i.e.,
[M+Na]" and [M+K]"), sample plate (i.e., [M+Al]*), and
nanoparticles (i.e., [M+Si]*) were recorded. Dehydrated
peaks derived from protonated SHD and GDAE were also
observed. The exact masses of multiple molecular ions
moieties provided corroborative identification of the mo-
lecular formula of each peptide.

Both peptide data sets reveal various types of diagnostic
fragments. Although characteristic b-/y- sequence ions were
observed for GDAE, access to only b,/y, and bs/y; provided
insufficient information to sequence the entire peptide (i.e.,
unable to distinguish GDAE or DGAE). In contrast, the
spectra for SHD offered a full breadth of fragments, in-
cluding c¢; and ¢, ions, successfully enabling de novo se-
quencing of SHD. Generation of various types of sequence
ions at the same bond location, such as ¢; and (x,y,z), ions
generated from S-HD sequence breakage, provide redun-
dancy to confirm the peptide sequence. Thus, these experi-
ments corroborate the benefits of adding silicon

nanoparticles to enhance the ionization efficiency of non-
volatile organic compounds, in this case short peptides,
leading to improved sequencing capabilities.

2.3. LDMS of peptide mixtures with and without silicon
nanopatrticles

To increase the fidelity of our findings, we also explored
the detectability of 3-mer and 4-mer peptides in multicom-
ponent samples with and without silicon nanoparticles. We
focused on a mixture of two peptides, Ala-Ala-Gly (AAG)
and Ser-Lys-Ser-Arg (SKSR) that were statistically linked
with the survivability of Cp34H under harsh conditions
(Mudge et al., 2021). Because the concentrations of both
AAG and SKSR were maintained at the same level as SHD
and GDAE in the single peptide experiments described
above (see Methods), the two-component mixture contained
twice the total concentration of peptide.

In analysis of this peptide mixture in absence of silicon
nanoparticles (Fig. 4a), SKSR was identified with a diverse
assortment of molecular ion moieties (i.e., [M+H]",
[M+Na]*, and [M+K]") and a full sequence coverage. AAG
was seen with various forms of molecular ions (i.e.,
[M+H]", [M+Al]*, [M+K]*, and [2M+H]") and diagnostic
fragments at a full peptide sequence coverage. With the
addition of silicon nanoparticles (Fig. 4b), AAG was seen
with a similar set of molecular ion adducts and fragmenta-
tion pattern to neat sample analysis, but SKSR was observed
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FIG. 4. Single shot LDMS analysis of peptide mixture AAG and SKSR obtained via LDMS (a) without nanoparticle and
(b) with silicon nanoparticle shows detection of various forms of molecular ion adducts and diverse diagnostic fragments
that support peptide de novo sequencing. Spectral intensities are normalized to the maximum peak intensity observed in
each scan. Spectrum obtained without silicon nanoparticles was identified with a wider spread and more diverse forms of
sequence ions of SKSR compared to analysis with silicon nanoparticles. The characteristics of all identified peaks are listed
in Supplementary Table S1. The raw transient data will be accessible in the Supplementary Material.

with a reduced diversity of molecular ion adducts and
peptide fragments (i.e., y;, z; are confined to proximity of
arginine). Thus, the effective role of silicon nanoparticles
appears to be dependent on the specific analyte(s) of inter-
est, as discussed further below. Nonetheless, the detection of
multiple molecular ion adducts and critical peptide frag-
ments suggests that the CORALS instrument is able to
discriminate, identify, and sequence SKSR and AAG si-
multaneously in a mixture, implying its capability to detect
and characterize multiple peptides in an unknown sample
from an ocean world.

3. Discussion

The data presented here demonstrate that LDMS analyt-
ical techniques, as validated by the CORALS advanced
prototype instrument, enable the detection and sequencing
of putative peptide biosignatures of one representative
psychrophile without the application of traditional organic
MALDI matrices. Distinctive species of molecular ion ad-
ducts are identified to enable peptide detection and different
fragmentation mechanisms to produce peptide fragments are
discussed below.

3.1. Distinctive species of molecular ion adducts
to enable peptide detection

We examined a series of consecutive scans of SHD and
GDAE obtained in matrix-free and matrix-assisted LDMS
analysis. The molecular ion (i.e., M") was not seen for any
of the peptides examined here, with or without the appli-
cation of silicon nanoparticles. This observation implies that
photoionization (i.e., bond gap transition via direct absorp-
tion of UV photons) is not a dominant process during LDMS
analysis of 3-mer and 4-mer peptides. Most of the peptide
molecules were detected as molecular ion adducts in posi-
tive ion detection mode, implying the preferred ionization
pathway is to attach a proton or a cation to the analyte
molecule. The sources of positively charged species could
be protons derived from the solvent during sample prepa-
ration, protons transferred from analyte or matrices, residual
salts from the substrate, or metals emitted from the sample
plate (Jaskolla and Karas, 2011; Bae et al., 2012). In par-
ticular, silicon-based inorganic matrices or substrate, such as
etched porous silicon surface (Alimpiev et al., 2001; Kruse
et al., 2001) and porous silicon powder (Zhang et al., 2001),
have shown to promote the protonation of analyte due to
migration of proton from the surface Si-OH group as a result
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adduct to identify SHD and GDAE without (top) and with (below) nanoparticles. The corresponding histograms show the
frequency distribution of identified molecular ion adducts among n number of consecutive scans.

of increasing surface acidity upon laser irradiation. Similar
ionization processes could also happen to LDI analysis in
the presence of silicon nanoparticles, but detailed mecha-
nisms contributed to these ionization processes are beyond
the scope of this study.

An effective scan to enable peptide detection is defined as
a single-shot mass spectrum that contains at least one form
of molecular ion adducts (i.e., [M+H]", [M+Na]", [M+K]*,
[M+AI1]", [2M+H]") with S/N > 3. The exact masses of
target 3-mer or 4-mer peptides can be deduced from any one
form of molecular ion adducts because the exact masses of
proton and metals are known and have diagnostic mass
defeats. Figure 5 summarized the number of effective scans
in multiple consecutive single shot measurements in pie
charts. The addition of silicon nanoparticles increased the
rate of effective scans by 75% and 58% for SHD and
GDAE, respectively. We further characterized the types of
molecular ion adducts identified in each effective scan and
summarized them in the corresponding histograms (Fig. 5).
The compilation of matrix-free LDMS measurements re-
vealed that only protonated SHD and cationized GDAE
were observed. Such preference was maintained with addi-
tion of silicon nanoparticles and increasing types of mo-
lecular ion adducts were identified at higher S/N for both
peptides. This observation suggests that, if SHD and GDAE
were mixed in an unknown mixture, they would be most
likely identified as protonated SHD and sodiated GDAE by
the CORALS instrument. Overall, the use of silicon nano-
particles helps promote ionization efficiency, increase re-

producibility of measurements, and improve surface
homogeneity, so the probability of identifying SHD and
GDAE in an unknown mixture would increase if silicon
nanoparticles were used. This conclusion is in agreement
with a previous study on small molecule analysis via
MALDI with silicon nanoparticles using commercial in-
struments (Wen et al., 2007).

3.2. Various forms of peptide fragments
to enable de novo sequencing

Electron transfer/capture dissociation (ETD or ECD),
ultraviolet photodissociation (UVPD), and collision-induced
dissociation (CID) are three primary dissociation methods
used in conventional tandem mass spectrometry to achieve
peptide de novo sequencing. Similar charge-driven,
collision-induced, and photon-activated dissociation could
have occurred during LDI measurements. Observation of
ETD/ECD-like and CID-like fragments, as well as UVPD-
specific fragments, provides insights into mechanisms as-
sociated with the peptide fragmentation prior to entering the
mass analyzers.

Electron transfer/capture dissociation-like fragments, or
c-/z- sequence ions, have been observed in this study, sug-
gesting that charges are introduced to trigger peptide frag-
mentation during LDI measurements (Syka et al., 2004).
Potential sources of charges in the ionization source include
electrons in the plume (Karas et al., 2000; Nielsen et al.,
2003), plasmon-induced electrons on the metal plate surface
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or metallic nanoparticles (Mukherjee et al., 2013; Clavero,
2014; Szczerbinski et al., 2020), and/or hydrogen radicals
derived from solvents or matrices (Kocher et al, 2005;
Demeure et al., 2010). Though this study is incapable of
distinguishing the primary donor of charges during LDI
analysis, observation of c-/z- sequence ions in measurements
with and without matrices suggests charge-driven dissocia-
tion is not limited to the silicon nanoparticles itself. The use
of silicon nanoparticles does not strongly favor the genera-
tion of c¢-/z- sequence ions, like some of the solid organic
matrices (e.g., 1,5-DAN) would do due to their high yields
of hydrogen radical production (Memboeuf et al., 2010).

Ultraviolet photodissociation—specific fragments, or a-/x-
sequence ions, are observed at S/N > 10, suggesting that
peptide molecules dissociate as they interact with 266 nm
radiation. In analysis of peptide mixture AAG and SKSR
studied here, a-/x- sequence ions are identified exclusively
to AAG, but no such fragments were identified for SKSR,
suggesting the effectiveness of UVPD is specific to analytes
themselves, especially their UV absorbance. The use of
silicon nanoparticles promotes the generation of UVPD-
specific fragments from AAG.

Collision-induced dissociation—like fragments, namely a-,
b-, and y- sequence ions, are the dominant sequence ions
observed in this study, suggesting that thermal dissociation
plays a critical role to fragment peptides via LDI analyses
(Falick et al., 1993; Medzihradszky et al., 2000). Peptide
molecular ions could be thermally activated by ion-neutral
collisions in the ionization source. lon-neutral collisions
have been observed at the front of expanding laser-induced
plasma plumes via fast photography (Gusarov et al., 2000;
Kushwaha and Thareja, 2008; Valverde et al., 2014), sug-
gesting CID-like fragments could be generated as the ex-
panding plume materials collide with the background
neutrals in atmospheric pressure. Similar effects albeit at a
much lower pressure level occur upon expansion into vac-
uum (Spengler et al., 1991).

Peptide molecular ions could also be thermally activated
by the heat conducted from the UV-absorbing silicon na-
noparticles and/or the Al alloy sample plate. Controlled
amount of thermal energy absorbed by molecular ions can
facilitate desorption of intact molecules and produce CID-
like fragments to facilitate peptide de novo sequencing (Kim
et al., 2012, 2013). These fragments were generated from
metastable decay and were shown with reduced spectral
resolution due to peak broadening and low S/N (Spengler
et al., 1991). If the thermal energy is excessive, dissociation
of protonated peptides could occur at any bond via an en-
ergy randomization process, generating a sea of fragments
that are not unique to the peptide backbone nor comply to
commonly accepted mobile proton frameworks, and even
generation of recombination products as the plume cools
(Wysocki et al., 2000; Paizs and Suhai, 2005). For example,
the nondiagnostic fragments and inorganic clusters observed
in the neat analysis of SHD challenge spectral interpretation
and hamper peptide de novo sequencing. Therefore, optimal
performance of peptide detection and sequencing via LDMS
analysis requires active control of thermal-induced molec-
ular desorption and breakdown.

Silicon nanoparticles appear to be an effective matrix to
facilitate the reproducible formation of molecular ion ad-
ducts at increasing S/N and reduced metastable fragmenta-
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tion. Future work needs to explore how different inorganic
matrices (e.g., nanoparticle versus nanowire, distinct com-
position, particle size distribution) control ionization effi-
ciency, sensitivity, and fragmentation potential for specific
classes of molecules. Different data acquisition and data
processing strategies should be explored to maximize sci-
ence return given the limited data storage and processing
power onboard; for example, summing multiple scans can
reduce noise floor and improve the detection limits when
time and energy are available, and use of machine learning
algorithms to extract and identify molecules from sample
mixtures (Theiling et al., 2022). Based on findings present
here, a notional concept of operation for an astrobiology
landed mission to a cryogenic ocean world might include
sample acquisition, deposition, and sublimation of icy
samples onto a suite of sample plates preloaded with a va-
riety of inorganic matrices. The sensitivity of analytical
measurements could be further enhanced if the icy samples
were preprocessed using hyphenated separation techniques
(such as electrophoresis) prior to sample deposition on the
metal plate.

In summary, this study demonstrates successful peptide
identification via simple LDMS techniques, and de novo
sequencing of select peptides with the addition of silicon
nanoparticles. Coupled to a high-power UV laser, the silicon
nanoparticles enhanced ionization efficiency and promoted
the generation of diagnostic b-/y-/a- sequence ions in a
single scan, similar to CID techniques. This preliminary
analysis opens the door for future investigations into peptide
detection and sequencing via inorganic matrices like silicon
nanoparticles, alternatives to conventional solid organic
matrices that are incompatible with planetary protection
measures and represent risks for forward contamination for
missions to astrobiological destinations.

Further, this study showcases the analytical capabilities of
spaceflight prototype CORALS to detect and sequence pu-
tative peptide biosignatures of psychrophiles for in situ in-
vestigation of ocean worlds. Even with the simplest sample
preparation method, a single spectrum collected from the
CORALS prototype reveals (1) various forms of molecular
ion adducts across a wide mass range, providing for robust
identification and cross-validation to the chemical compo-
sition of molecular ions with high mass accuracy measure-
ments; (2) diagnostic peptide fragments at a full sequence
coverage adequate to elucidate the monomer sequence in
samples with silicon nanoparticles added; (3) improved
resolution and mass accuracy due to reduction of metastable
decay with silicon nanoparticles. The benefits of incorpo-
rating silicon or other metal/metalloid nanoparticles into
LDMS techniques could increase the science return of future
spaceflight investigations.

4. Materials and Methods
4.1. Peptide selection and preparation

A subset of psychrophilic peptides was selected to dem-
onstrate the detection and identification of molecular ions
and diagnostic fragments at higher laser energy with the
CORALS instrument. These four different short peptides
are Ala-Ala-Gly (AAG) (monoisotopic mass: 217.1062),
Ser-His-Asp (SHD) (monoisotopic mass: 357.1284), Gly-
Asp-Ala-Glu (GDAE) (monoisotopic mass: 390.1387),
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FIG. 6. Sample preparation and instrument setup at NASA Goddard Space Flight Center.

Ser-Lys-Ser-Arg (SKSR) (monoisotopic mass: 477.2707).
These four peptides were selected because they constitute
amino acids of different basicity. Aspartic acid and glutamic
acid have acidic side chains, while arginine, histidine, and
lysine have basic side chains. The selected peptides have a
mixture of amino acids of different weights and sizes. High-
molecular-weight amino acids like histidine are rarely found
in abiotic systems, while low-molecular-weight amino acids
like glycine and alanine have been found in high abundance
in meteorites and are thus more likely to be used as starting
materials to construct functional polymers (Wen et al,
2007). These peptides were synthesized from Biomatik with
purity >95%. Each peptide was dissolved in 0.1 wt % formic
acid solution (Fisher Chemical, 299.0%) to form ~5wt %
peptide stock solutions, and they were used without further
purification.

Matrix-free peptide samples: About 200 uL of aqueous
solution was directly drop-cast on the aluminum (Al) alloy
metal plate (Goodfellow AL7075 foil) to form a droplet of
~60 mm? in size and achieve surface analyte concentration
~5e5pmol/mm?. The Al alloy plate was pretreated with
acetone and isopropyl alcohol. The droplet was allowed to
dry on the hotplate at 75°C until a thin residue of peptide
was formed on the Al alloy plate. The plate was then
transferred and taped on the stainless-steel sample target,
ready for sample introduction to the CORALS prototype
instrument at NASA Goddard Space Flight Center. Though
such sample preparation method does not create a homo-
geneous surface for quantitative measurements, it is repre-
sentative of realistic sample handling and preparation during
in situ investigation of icy worlds.

Matrix-assisted peptide samples: The silicon nano-
particles were purchased from Sigma-Aldrich (<100nm
particle size, 298% trace metals basis) and used without
further purification. Acetone (Sigma-Aldrich, 299.5%) was

used to mix with a few mg of the silicon nanoparticles to
form a liquid slurry. A total of 2 uL of the slurry was de-
posited onto the sample plate and dried, forming a very thin
layer of the nano powder on the surface. The peptide solu-
tion then was deposited on top of the nanoparticle layer
and dried. Because of the high volatility of acetone in the
room temperature, acetone would be completely evapo-
rated before the sample was introduced to the instrument.
No signature of acetone has been observed in the mass
spectra.

4.2. Instrument setup

The sample was analyzed by the CORALS prototype
instrument at NASA Goddard Space Flight Center (Fig. 6).
The CORALS prototype (60 x45x45 cm) is composed of a
breadboard of the CORALS laser, integrated to an Orbitrap
analyzer and a custom-built ion inlet assembly through a
Kimball Physics vacuum chamber. The chamber maintains
its low-pressure condition at typically <107°-107" Pa, and
the pressure is monitored by a high-vacuum cold-cathode
vacuum gauge. Sample plate is introduced into the low-
pressure simulation chamber through a load lock via a
linear-rotary actuator. The laser beam enters the simulation
chamber through a deep UV viewport that offers high
transmission of 266 nm radiation and irradiates the sample at
a 45° angle. Ions generated from the sample plate are pro-
pelled by a high voltage supplied to the sample plate, col-
limated by the ion optics, accelerated, and injected into the
mass analyzer. The image current induced by ions oscillat-
ing inside the Orbitrap was detected, amplified, digitized,
and exported for offline data processing. All instrument
control, voltage and timing tuning, and data acquisition is
accomplished with custom LabVIEW-based software
(RITS, Danell Consulting, Inc.) (Danell, 2010).



Downloaded by University of Maryland from www.liebertpub.com at 06/13/23. For personal use only.

666

4.3. Data collection and processing

Each transient spectrum (200 ms in length) was collected
at a sampling rate of 5 MHz and then processed to generate a
frequency spectrum via Fast Fourier Transform (FFT) in
MATLAB. Three times zero-filling to 3X + N=2" (where X
is the original transient length, N the remaining amount
needed to achieve the nearest power of 2, and Y the final
zero-filled transient length) was applied prior to FFT to
improve peak shape and mass accuracy. No apodization was
applied to the transient prior to FFT analysis, and the rea-
sons have been discussed in supplementary notes. The fre-
quency spectrum was calibrated into a mass spectrum using
an internal standard, typically Cs* or Al". Identified peaks
were fitted with a gaussian distribution using Origin (Ori-
ginLab Corporation). The derived peak height, peak width,
and center mass are used to calculate S/N, mass resolution,
and mass accuracy, respectively. Peak identification and
characterization are reported in the Supplementary Material.
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Abbreviations Used

AAG = Ala-Ala-Gly
CID = collision-induced dissociation
CORALS = Characterization of Ocean Residues
and Life Signatures
Cp34H = Colwellia psychrerythraea strain 34H
ETD or ECD =electron transfer/capture dissociation
FFT = Fast Fourier Transform
GDAE = Gly-Asp-Ala-Glu
LDI =laser desorption/ionization
LDMS =laser desorption mass spectrometry
MALDI = matrix-assisted laser desorption/
ionization
m/z = mass-to-charge ratio
SHD = Ser-His-Asp
SKSR = Ser-Lys-Ser-Arg
S/N = signal-to-noise ratio
UV =ultraviolet
UVPD = ultraviolet photodissociation
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