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Motivations for Life Detection Missions

« The search for life remains a key NASA science goal
— Extant & presently habitable

— Ancient/preserved remains of life & previously
habitable

* Improve understanding of early prebiotic chemistry &
link to early Earth

* Understanding the carbon cycle
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Searching for Indicators of Life *

Basic Understanding:
Life's origins @@ §*

Search Strategy: H<
i Diverse targets. (' Complementary measurements
ech

oL

Development:
. Collection, Processing, I

Plan Missions:
Choose destination




What should we look for?

some aspects of life are likely to be universal... ,,
Building
* Versatile chemical building IS

blocks

« Complex multimeric
biomolecules

e Containment structures

Bio
catalysts

Info.
polymers

* Function-specific molecules

Arguably, all are required for life

« Combined, these indicators could provide
compelling evidence of life



Targets, Rationale, and Instruments for Life Search _/ s

Measurement Observed Life Detection Rationale Analytical
Target Parameter examples Approach

Molecular . Enantiomeric excess enables biochemistry Capillary
building Chirality , _ _ Electrophoresis
blocks amino acids, saccharides Mass Spec

Functional _ Biochemical processes; electron transfer Electrochemical
Catalysis BioSensors

molecules kinases; quinones Mass Spec

Mass spec

o Capillary
polymers lipids Electrophoresis

‘Structural’ Containers, energy, biochemistry

Biogenic
organic
polymers ‘Information’ Information storage and transfer Sequencing

polymers poly nucleic acids Mass Spec

_ Containers, structures, barriers Fluorescence
Containers Morphology Microscopy with
cells, membranes staining




“Standards of Evidence” for Life Detection

From the 2021 “White Paper Report from the Biosignatures Standards of Evidence
Community Workshop” produced by the NFOLD Network for Life Detection

« Distributions of identifiable molecular structures and/or
components (if macromolecular)

* |somer ratios of amino acids

» molecular mass distribution of organic components
» compound specific isotopic composition

» aliphatic/aromatic ratio

« organic functionalization (polar/nonpolar)

*C, H, O, §, N, Cl ratios of organic matter
« fine scale OM distribution in materials
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Stable isotopic composition of organic carbon

Confidence Scale

Basic molecular bond information

presence of organic carbon (compounds with C-H bonds)
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presence of reduced carbon (e.g., graphite, diamonds)
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Figure 5. Organic molecule detection methods are not as definitive as some types of organic
matter characterization. Confidence of detecting a definitive biosignature for various observation
types for organic matter. Observation types (central column) in order of certainty that the
observation could yield a definitive biosignature (right column). Left column denotes general type
of observation: detection vs. characterization. (Adapted from Mustard et al., 2013).

d— |deally, we want

to make
measurements
across this
spectirum,
prioritizing the
highest-
confidence
measuremen!s.



Biomarkers



How might these processes work on other bodies?

: chlorophyll a. degraded structures

) ] from chlorophyll a.
burial, time




Taphonomic Processes on Earth

® I\/IICI‘ObIa| pI’OCGSSGS medlate the Preservation Pathways of Biomarkers
majority of organic s

decomposition on Earth (>99.9% 08D ORGANISH GNTAGT CELLULAR MATERIAL

recycled; <B.OMXCLTZSWR::TSZ;W"

D eS M a r a I S ) 2 00 1 ) . Y microbial/enzymatic action

REMAINING DEGRADED BIOMOLECULES

D et
* Initial preservation of biomarkers
dictates long-term survival Wb

PRESERVATION OVER GEOLOGIC TIME

v e.g. erosion, tectonics

EXHUMATION

* Most of what we know about v
biomarker preservation is from \
aquatic environments.

DETECTION




Stability of Geologic Deposits

FARMER AND DES MARAIS: MARS EXOPALEONTOLOGY
Dominant P

. ominant Process

Least Stable Controlling Loss

Climatic
Warming
Dissolution
Oxidation

Clay-rich Shales
Water-laid pyroclostics
Marine carbonates
Metallic oxides

Metamorphism
Recrystallization,
Dissolution

Phosphate & silica Deep Burial,
. Recrystallization,

Metamorphism

Most Stable



Geological Longevity of Biomarkers

BILLIONS OF YEARS AGO:

ORGANIC CHEMICAL 0

STRUCTURE

e

1 Myr

(Enantiomeric
Excess)
X

Amino

~10 Myr

+ Lo ~100 Myr

Lipids |Proteins] Acids |[DNA




Organic Content in Biotic & Abiotic Settings

BIOTIC

Bitumen

(soluble organic matter)

Kerogen

85%

Organic
matter

H
S
H /\/\/\/\/\/\/\)Zo

Sedimentary
rock

ABIOTIC

Courtesy of Carina Lee

Remusat (2014)




Normal distribution Biolipids _diagenesisy_ Molecular Fossils
of n-alkanes in a

biogenic kerogen o —_—> B NN N 8
Pristane
14 20 18 el - le Diether isoprenoids
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0 D2 )\/\)\/\)\NLV\OH —reducing condiions P> Hor sk ox los
Phytol (side-chain of chlorophylls) Phytane
L
0.2
OO 30 OH OH side-chain
OH OH NH, Cas Homohopane
thermal
Bacteriohopanepolyols e
(e.g., Bacteriohopanetetrolamine) ng@* Cao Hopane
Distributions of key molecular features or
ofe . Y i
specific molecular structures are unique to
. . . . . —>
biolipids. These features are maintained S Steranes
through diagenesis and preserved in the Ho htrucfures -
geologic record. Sterols that cannot e
(e.g., Stigmasterol) be made
abiotical |)’ Aromatic steroids
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Early Thinking in Biosignature Detection

A PHYSICAL BASIS FOR LIFE DETECTION EXPERIMENTS

By Dr. J. E. LOVELOCK
Bowerchalke, Nr. Salisbury, Wiltshire

HE design of an officient and unequivocal experiment

in extra-terrestrial life detection should take into
account: (1} A definition of life stated in terms favourable
for its recognition. (2) A description of the past and
present environment of the planet to be sampled.

As yet, there is no formal physical statement to describe
life from which an oxclusive definition for experimental
purposes could be drawn. Moreover no comprehensive
deseription is available of the atmospheric as well as the
surfaco physical and chemical onvironment of any of the
planetary bodies.

It is not surprising, in view of the vast expense of space-
probe experiments and of the formidable uncertaintios
already stated here, that the proposed experiments in
life detection all ask the cautious geocentric question:
“Ig there life ag we know it > Most cortainly it is difficult
to envisage in detail an alien biochemistry; it would
seem pointless and very uneconomic to sond a space
probe to detect a speculative lifo-form.

It is the object of this article to show that we are not
necessarily limited to oxporiments based on tho rocogni-
tion of a specific life-form, either Earth-like or alien.
Also, that it is possible, by accepting a limited phenomen-
ological definition of life, to design simple oxperiments
from the general recognition of life phenomena, including
that with which we are familiar. The application of this
approach to experiments in life detoction is the basis of
the discussion which follows.

1919-2022

differs from the other phenomena so classified in its
singularity, persistence, and in the size of the entropy
decreaseo associated with it, Vortices appear spontansously
but soon vanish; the entropy decrease associatod with the
formation of a vortex is small compared with energy
flux. Life does not easily form, but persisis indefinitely
and vastly modifies its environment. The spontaneous
generation of life, according to recent caleulations from
quantum mechanics®?, is extremely improbable. This is
relevant to the prosont discussion through the implication
that wherever lifo oxists its biochemical form will be
strongly determined by the initiating event. This in
turn could vary with the planetary environment at the
time of initiation.

On the basis of the physical phenomenology already
montioned, a planet bearing life is distinguishable from
a sterile one as follows: (1) The omnipresence of intense
orderliness and of structures and of events utterly im-
probable on a basis of thermodynamic equilibrium. (2)
Extreme departures from an inorganic steady-state
oquilibrium of chemical potential.

This orderliness and chomical disequilibrium would to
a diminished but still recognizable extent be expected to
penetrate into tho planetary surface and its past history
as fossils and as rocks of biological origin.

Experiments for Detection of Life
The distinguishing features of a life-bearing planet,
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“Origin-Diagnostic” Features and Patterns

Molecular form begets biological function:

features reflect and enable membrane geometry

« Fatty acid chain lengths
« Polyunsaturations regulate membrane fluidity
» Polycyclic isoprenoids enhance structural stability




Terrestrial cell membranes: bacteria and archaea

Bilayers and monolayers

Courtesy Mike Malaska

Size matters
<C9 fatty acids
diffuse away
>>C30 too solid
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Lipid Bilayer

Polar (hydrophilic)
. headgroup

Non polar
Hydrophobic core

Bacteria, Eukaryotes: fatty acids
Archaea: isoprenoid ethers

Archaea: double-headed
isoprenoid ethers




Origin Diagnostic Structural Features & Distributions

Review of 1. Cham length:

~1500 terrestrial Min-max (shortest-longest)
& ~90 meteorite Even vs odd preference
samples Most abundant molecule
containing fatty 2"d most abundant molecule

acids 2. Unsaturations:
 Presence y/n
 Max # unsaturations in a molecule
* Most abundant unsaturated molecule

. Branching:
Presence y/n
Min-max chain length containing a branch

First-last branch position PN

Max # branches in a molecule

Max # carbons in a branch A S

Most abundant branched molecule & conformation

(Buckner et al., in prep)




Terrestrial fatty acids  Meteoritic fatty acids | D ik . oo or Blote
* Longer chains (4-34  « Shorter chains (1-12 SRR ) ﬁf’,ﬁﬂ,‘;rof%mmes
carbons) carbons)

15
30
* Cq60 Usually the * Cy usually the most 45
most abundant abundant molecule
molecule

o 000°0°0°0°0 Q000 o

60
75

Maximum Fatty Acid Chain Length

Unsaturated || Branched, cyclic,

or branched and
unsaturated

é 1|0 1|5 2|0
Minimum Fatty Acid Chain Length

Number of Sam

8:0 A

12Me-

Most Abundant Fatty Acid (Buckner et GI., in prep)




Molecular Measurements are Additive!

Principal Component 2

Lipid features & patterns are additive in determining biotic vs. abiotic origin:

8

e Biotic

Abiotic
Cluster Center

;. BIOTIC

good separation
to determine if a

mixture

2 B 6
Principal Component 1

14 diagnostic molecular
patterns & features are
represented in this
principle component
analysis



Life Detection is not a Binary

Not a binary of biotic or abiotic

1. Abiotic synthesis—multiple ALTERED/DEGRADED
types

2. Known or unknown biotic How did organics
synthesis : originate?

3. Altered/degraded signal (e.g., i%
radiation, geological processes,

oxidation)

Measurement requirements should
cover potential pools

Abiotic “baseline” needs to be
defined for a given body

NON-
BIOLOGICAL BIOLOGICAL
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EXOGENOUS
DELIVERY

L GEOCHEMICAL

‘u’_’, REACTIONS
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Courtesy Allie Fox

The present-day Mars’ organic
inventory is a complex mixture of
different sources that have been
altered and preserved

MICROBIAL
DEGRADATION,
DEPOSITION RADIOLYSIS, CHEM DETf)OéA(PDOSE
2

OXIDATION, THERM.
ALTERATION

CURRENT

S MARTIAN

minera;on' ORGANIC
interactions INVENTORY
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dditional Considerations in Analysis of Organics

- Oxidants, salts, sulfurous minerals

- Data from deserts on Earth indicate heterogeneity of biomarker distribution is on
the cm-scale

- Organics can be bound inside minerals
- Keil and Mayer, 2014



Low Limit of Detection is Key

Detection of overall
organics present not
enough —

Need to see molecules low

in abundance

Year 1976
Depth 0Ocm
Sampio 0.1 cc
Volume
Analytical

Instrument 10-8mol
LoD

107
mol/cc

2012
<5cm

0.08 cc

1012 mol

1011
mol/cc

2036
<7 cm

8 cc
/tube

TBD

TBD




Quality of Molecular Information is Critical

-

m/z 112
' ki
PHOENIX m/z
» ?l
VIKING 2 Gy
10s 110 115 120 H \HC|

VIKING 1

PERSEVERANCE
PATHFINDER

INSIGHT

OPPORTUNITY
CURIOSITY
SPIRIT

Previous missions to Mars have only detected small, simple organic
material that are not diagnostic of their origins.

Courtesy Allie Fox

2,2,2-trifluoro-N-methyl-acetamide

Mojave
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Lab Approach to Biomarl_(er Ane_llysis

« High extraction efficiency, maintains structural integrity of molecules

« Overcomes analytical challenges associated with low-biomass,
mineral interference, organic complexity

 Demonstrated on >>100,000 terrestrial samples

 Many steps

« employ large volumes of solvents, samples, consumables




Organic Exiraction from Icy Moon Samples will be Challenging

An ideal instrument design would be capable of
extracting and purifying organics from an ice
sample:
« Without modifying origin-diagnostic
molecular characteristics
« Removing inorganics that would potentially
interfere with analytisis(sulfur, salts, etc).
* Increasing the signal of the organics to
increase the likelihood of detection



Technology focused on Liquid Processing Systems integrated with:
1) Chemical and Environmental Sensors
2) Optical Spectroscopy and Microscopy
3) Microfabricated Devices for Chemical Analysis

Technology Lineage and Heritage:
1) CubeSat Astrobiology and Space Biology Missions
2) Mars Exploration
3) Human Health, Performance and Safety Instrumentation

Current and Emerging Applications:
1) Astrobiology Life Detection Missions
2) Gateway Science Payloads and Environmental Monitoring
3) Robotic and Human Lunar Exploration




Tradespace Brainstorm

Modern habitability assessment
Search for ancient preserved remains

Variability of astrobio-relevant gases
Organics in regolith
Liquid water variability, salts, redox energetics

Impactor

Drones

Single lander, small payload

Many landers, even smaller payloads

Impact craters

Buildable missions

Scout mission for bigger, more expensive life detection
mission

Mole with sensors

Pyrotechnics

Sample handling

Fluorescence (label addition)

SERS

LD-MS

GC-MS

CE-MS

CE-LIF

Micro-spot XPS/Auger

nSIMS

Atomic absorption microscopy

CNT gas sensors other Chemical Gas Sensors
Pyrolysis augmented CNTs

Electrochemical sensors for ions
Electrochemical sensors for TOC, other organics
Raman

Micro LIBS TLS

Planetary Protection



BACKUP



a) Fatty Acids Acyclic H drocarbons_m

GC-FID

Solvent extraction

preserves molecular o 50 s o or o R ol N

GC-IRMS

features that can
iIndicate origin

GC-MS g~

GLC-MS

Analytical Method
Number of Samples

LC-MS

MS can characterize i
structures that indicate
origin

GLC-FID

CuOOx,SE 4 o
HP,UsncE 4 o
Other 4 o

Extraction Technique

Buckner et al., in prep
Solvent-based techniques




EXCALIBR ConOps Enabling Analysis with Preservation of Origin-

Diagnostic Features for Martian Samples

1. Accept 3. Extract Lipids: Ames Research Genter
gsample 1. Add Non-Aqueous Solvents
ce (9:1 DCM:MeOH)

regolith 2. Heat, Sonicate, Mix Analytical Measurements
SERS MS
Presence & abundance Molecular
of lipid classes and mass &

2. Comminute specific chemical relative

functionalities amounts of

Compbetition sensitive. Do not distribute without nermission

Sample ~ lipids &
f ts;
4. Filter Out Minerals frag::g::::::n
* Filter~0.2 ym patterns
- Carousel (5 filters)

. 5. Concentrate Extract Analyze
Working . To drvness “Total Lipid
extraction y Extract”
conditions:
0-110°C

0.01 =10 bar



Exponential decay in abiotic fatty acid synthesis

Abiotic synthesis decreases with length
Short molecules can’t form membranes

Murcheson meteorite sample
1 Tagish Lake meteorite sample 5b
B Fischer-Tropsch laboratory simulation
1 fit to power function
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Courtesy Mike Malaska



Membranes define cells

Bulk average membrane requirements:
Be surrounded by outer aqueous environment
p—SiQ"a's Encapsulate inner aqueous environment
\ Be sufficiently fluid on average
nutrients Allow some molecules to diffuse across
(gases, limited water)

interior Impermeable to key ions (first Na*, later H*)
gradients Not allow molecules to diffuse or wander away
from membrane construct

Adjustable for different temperatures and
ionic conditions

Support transmembrane constructs (porins,
transporters, receptors, etc.)

exterior

Courtesy Mike Malaska




Bilayer plasma membrane detail

outer face hiv¢ 'F“ .;.. lar) head
olipid

perpheral {extrinsic) [.:‘fl)t(ll"
inner face 2007 Encyclopadia Britannica, Inc.

archaeal membranes have a monolayer; use GDGTs not fatty acids

Image source: https://www.britannica.com/science/cell-membrane#/media/1/463558/4555
Courtesy Mike Malaska




Abiotic or Biotic
Biotic

Abiotic

Number of Samples
3

6

9

12

15

18

Terrestrial acyclic Meteoritic acyclic

hydrocarbons$ hydrocarbons

« Longer chains (4-46 » Shorter chains (1-31
carbons) carbons, usuallgl max

* Gy 0r Gz usually at13, 14, (?r 15
the most abundant No trends in the most
molecule abundant molecule

Unsaturated Biotic
branched, or
isoprenoid
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5 10 5 20 25 30
Minimum Acyclic Hydrocarbon Chain Length

Number of Samples

Phytadiene -
TMe-17:0
C20 HBI A
PMI -
Phytane -
Pristane -
Other -

Most Abundant Acyclic Hydrocarbon




Meteorites
deliver lipids \
&
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A mixed signal

Courtesy Denise Buckner




; In-situ
Meteorites '
deliver lipids ,
\

synthesis?
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Ancient
hydrothermal-
synthesis?

A mixed signal
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